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Recently, ultrafast, coherent X-ray science and technology has received a lot of attentions,
especially with respect to tabletop X-rays produced by high harmonic generation (HHG). The
femtosecond-to-attosecond X-ray pulse enables the dynamics of chemical reactions, nano-materials
and bio-molecular systems to be studied with unprecedented temporal and spatial resolution. How-
ever, the bright HHG light source is limited to < 150 eV spectral region due to phase-mismatch
issue and the lack of the right driving laser wavelength. Development of phase-matching scheme and
di↵erent-wavelength lasers for extending bright HHG to shorter wavelengths becomes a challenge.
Over the past five years, we essentially solve the high-harmonic phase matching problem
using longer driving wavelengths. Our experimental results have shown that full phase matching of
HHG scales very strongly with wavelength of the driving laser, making it possible for the first time
to obtain bright phase-matched emission to the 0.5 keV using a 2 µm laser and the keV using a 3.9
µm laser with a conversion e ciency >1000 times that previously reported. Their supercontinuum
bandwidths are capable of generation extremely short pulses down to single digit attoseconds (
10 18 sec). This timescale is remarkable in that it approaches a new regime where light transit
times approach atomic dimensions.
On the other hand, by using a shorter wavelength of driving laser (0.4 um), we also optimized
the HHG flux ⇠ 10 times brighter than before in the EUV spectral region between 45 and 60 eV.
We found that the most substantial HHG enhancement arises when the right combination of the
laser wavelengths, gas species and gas pressures.
A high flux tabletop coherent X-ray beam line is feasible to implement, for applications in
biological and materials imaging, or as a seeding source for a free-electron laser amplifier.
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Chapter 1
Introduction and the thesis outline
Recently, ultrafast, coherent X-ray science and technology has received a lot of attention,
especially with respect to tabletop X-rays produced by high harmonic generation (HHG) . In fact,
any breakthrough for the light source could extend discoveries over a wide range of unraveling
the structures of DNA and proteins, visualizing atoms, molecules, and nano-materials (Figure
1.1). Shortening the light-source pulse duration has resulted in capturing faster events ranging
from electron dynamics, and charge transfer to phonon behaviors. Currently, HHG light source is
the only one capable of delivering extremely short pulses from below femtoseconds (10 15 sec) to
attoseconds (10 18 sec). However, the HHG light source generated by a 0.8 µm laser is limited in
the extreme ultraviolet radiation (EUV) region of the spectrum which su↵ers huge absorptions. In
addition, the generated EUV pulses limit image resolutions to a few tens of nanometers due to the
EUV wavelength di↵raction limit. Development of a phase-matching scheme to allow the extension
of bright HHG to shorter wavelengths has thus become a challenge.
In this thesis, I will show how phase matching of HHG scales very with wavelength of the
driving laser, making the first time to obtain bright phase-matched emission to 1.5 keV using a 4
µm driving laser. This work also presents a clear route to generation of pulse duration down to
single digit attoseconds and even zeptoseconds. The first part of this introduction will review the
available X-ray light sources and point out their advantages and limitations. A brief discussion of
the properties and limitations of the HHG light source will conclude this chapter.
Currently, established ultrashort X-radiation has followed two main avenues: large-scale in-
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Figure 1.1: A diagram of the electromagnetic spectrum, showing the approximate scale of wave-
length. Extreme ultraviolet and soft x-rays provide the spatial resolution needed to study bio-
samples, molecules, and atoms. Figure is adapted from [4].
3stallations and laboratory-based sources. A list of comparison among the main X-ray light sources
is shown in Table (1.1). The large-scale sources consist of two types: synchrotrons and free electron
lasers. Over the last 60 years, synchrotron radiation has become the most widely used X-ray light
source [31]. In a synchrotron, relativistic electron bunches are cycled and accelerated in a storage
ring and used to emit X-ray pulses from bend magnets or undulators. The generated photon energy
is in the 0   100 keV region. The flux could be up to 104   106 photons per pulse. However, the
pulse duration is limited to the 20 100 ps (10 12 sec) range due to a dynamic radiation equilibrium
time of several thousands of periods around the storage ring. Furthermore, a low level of coherence
of this light source limits synchrotron radiation far from an ideal source for most time-resolution
research.
Table 1.1: Status of Current Sources of Ultrafast X-ray Pulses. Table is adapted from [16]
Sources Synchrotron FEL Plasma HHG
Property Incoherent Coherent Incoherent Coherent
Duration 10 ps 100 fs 100 fs < 0.1 fs
Flux a 104   106 1010   1012 101   105 104   106
Energy range 0 - 100 keV 0.5 - 10 keV < 30 keV < 0.15 keV
Size km km m m
a Photons per pulse in 0.1 % bandwidth
In a free electron laser, the pulse duration limit and coherence has been overcome by using
a well-designed linear accelerator (linac) instead of a ring. Stanford Linear Accelerator Center
(SLAC) has achieved X-ray flux eight orders of magnitude greater than currently available from
synchrotrons [32]. The facility can now operate at photon energy from 0.5 keV to 10 keV with
a single X-ray pulse energy of 1-3 mJ. The pulse duration is in the femtosecond scale. However,
the lasing builds up from incoherent noise emission. The spectrum of each pulse will be slightly
di↵erent. Timing uncertainty between the X-rays and a comparably short pulse optical laser will
limit the time resolution for pump-probe experiments between conventional lasers and free electron
lasers. Furthermore, the large scale facilities and high costs result in a limited number of beamlines.
As a result, a compact, cheap, easy-to-operate and coherent X-ray source would be very useful for
4many scientific and technological applications.
The lab-based sources consist of three types: X-ray diodes, laser-generated plasma sources,
and X-rays produced by HHG. In principle, X-ray diodes work similarly to an X-ray tube but they
use a laser pulse to generate photoelectrons from a photocathode. Photoelectrons are then acceler-
ated to several tens of keVs and generate characteristic line emissions and continuous bremsstrahlung
radiation at the target anode. Photonelectrons could be triggered by femtosecond optical pulses but
the X-ray pulse duration is limited to 1-2 ps [80]. The technique can deliver a few keV continuum
spectra, but it is not widely used due to its low e ciency. Currently laser-generated plasma sources
are widely used. A high-power laser beam is focused onto a metal or liquid target. The generated
plasma gives rise to bursts of X-ray [118]. The continuum spectra could extend to several tens of
kiloelectronvolts depending on the target and driving lasers. The pulse duration could be as short
as a few hundred femtoseconds but the sources are isotropic. The flux per pulse is very close to
what synchrotrons can obtain, but sophisticated X-ray optics are needed to collect the isotropic
emission, thus the available pulse energy is limited.
Another alternative tabletop light source is HHG. In recent years, a coherent ultrafast EUV
from HHG has been gaining attention, since it can deliver extremely short pulses compared to
other sources. The work principle is based on focusing the ultrashort laser pulse into a gas target
(ususlly a nobel gas), which then generates harmonics of the fundamental frequency as shown in
Figure 1.2. The HHG light source has been shown to be fully coherent or laser-like with a very
small divergence angle of a few milliradians [11]. Because of its shorter wavelength, EUV can
easily capture small features. In 2007, Sandberg et al. first demonstrated the nanometer-resolution
image in the EUV spectral region [96]. Recently Seaberg, Adams et al. demonstrated that a
wavelength-di↵raction-limit resolution down to ⇠ 22 nm is possible using a 13 nm HHG source
[99].
The light source has improved not onlys the spatial but also the temporal resolution. In 2008,
it was shown that an HHG source can deliver extremely short pulses down to 80 attoseconds [44].
The extremely short EUV pulses are remarkable and finding major applications for the study of
5nuclear and electron dynamics in atoms and molecules and photoelectron processes from surfaces
with unprecedented time resolution [17]. However, the bright emission is limited to 30   150 eV
spectral regions using a 0.8 µm driving laser (Figure 1.2) and their conversion e ciency is limited
to 10 5  10 6. In order to capture chemical reactions, nano-materials, and bio-molecular systems
with higher spatiotemporal resolution, shorter wavelength X-ray is urgently needed. Development
of lasers in di↵erent wavelengths and study of a phase-matching scheme for extending bright HHG
to shorter wavelengths become an important issue.
To extend the photon energy, some quasi-phase-matching (QPM) schemes, including mod-
ulating waveguide [40], modulation controlled by a pulse train [119] and multi-gas jet [102], have
been implemented. A periodically modulated hollow waveguide was able to correct the phase slip
between fundamental and harmonics. Although it succeeded in enhancing conversion e ciency
into the 250 eV spectral region by about one or two orders of magnitude, further optimization
of modulated-waveguide QPM requires a more sophisticated approach due to a continuous vari-
ation of the coherence length. A more flexible approach is all-optical QPM which directly uses
counterpropagating pulse trains to probe and switch o↵ harmonic emission from specific coherent
zones. The alternative is directly modulating gas density using a multi-gas-jet geometry. Each gas
jet could be seen as an individual emission source and be moved independently. The sum of all
harmonic emissions is like the interference between all emission sources, and it can be enhanced
by right separations between them due to a coherent superposition. Although these QPM schemes
have been shown to extend harmonics somewhat, but the achievable photon energy is still limited
to the 300 eV region of the spectrum. The di culty comes from a much shorter coherence length
in the higher photon energy region which remains a challenge for all three QPM techniques.
Over the past five years, the high-harmonic phase-matching problem has essentially been
solved using longer driving wavelengths. Both theoretical and experimental results have shown
that full phase matching of HHG scales strongly with wavelength of the driving laser, making it
possible to obtain bright phase-matched emission to 0.5 keV using ultrashort pulses at 2 µm and 1.5
keV region using 4 µm driving lasers with a conversion e ciency >1000 times than that previously
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Figure 1.2: Typical HHG spectrum driven by a Ti:Sapphire laser which has a central wavelength
of 0.8 µm at a repetition rate of 10 Hz. The data is taken after metal filters. Taking account of
filter transmissions, the flux before filters will be 104   106 photons per shot for each harmonic.
7Figure 1.3: Processes and intervals on di↵erent time scales. Figure reproduces from [38]
reported. The supercontinuum bandwidths obtained from longer wavelength lasers are capable of
generating pulses down to single digit attoseconds. This timescale is extremely short in that it
approaches a new regime where light transit times approach atomic dimensions (Figure 1.3).
Furthermore, using a shorter wavelength of driving laser for HHG produces significant results
as well. Theoretical prediction shows that a higher HHG conversion e ciency can be obtained due
to a higher single atom e ciency and allowing the higher ionization rate to accomplish phase
matching. Experimentally a 0.4 µm driving laser has successfully produced 108 photons per shot
in the EUV region of the spectrum. The flux is one order of magnitude brighter than what had been
previously possible driven by a 0.8 µm laser at the same energy region. These bright harmonics
have a smaller radiation angle and become more monochromic, making an ideal light source for
applications in coherent imaging, interferometry and holography.
1.1 Outline of the Thesis
This thesis consists of three parts. The first part contains reviews of related past work
(Chapter 2-3). The second part presents the di↵erent-wavelength laser light sources used to generate
8high harmonics (Chapter 4). The last part presents the experimental results, and discussions. In
chapter 2, first I will show the history of HHG, and introduce the physics of HHG in the single-
atom picture. I will emphasize the wavelength scaling for several important harmonic properties.
In chapter 3, I will present the propagation e↵ect on HHG, and point out the phase matching
mechanism, especially for hollow waveguide geometry. One of most important harmonic characters,
phase-matching cuto↵, will be clearly explained by one experimental example. In chapter 4, I will
give a detailed explanation of our experimental setup, especially for five di↵erent wavelength light
sources (0.4 µm, 0.8 µm, 1.3 µm, 2.0 µm, and 3.9 µm) from three main laser techniques, which
were implemented to HHG experiment in this thesis. In chapter 5, I will present our experimental
results and discuss the wavelength-scaling rule for HHG in detail. Finally, in chapter 6, I will draw
conclusions.
Chapter 2
Single-atom E↵ects in High-Order Harmonic Generation
2.1 History of HHG
In July of 1960, Theodore Maiman demonstrated the first laser [74]. This fully coherent
light source could be focused to higher intensities in the laboratory than any other light sources
previously available, and opened the door to the new and remarkable field of nonlinear optics. After
the birth of the laser, the first nonlinear signal, second harmonic generation, was demonstrated in
1961 by focusing a Ruby laser to reach a high field intensity of 107 W/cm2, corresponding to the
peak electric field of 105 V/cm [35]. This peak electric field is about 0.01% of an average atomic
field, and brings a new understanding of light-matter interactions in a perturbative region. In the
1990s, high-power ultrafast laser systems have been developed that can produce high energy pulses
with durations in the femtosecond (10 15 second) regime. These systems use technique called the
chirped pulse amplification (CPA), which can avoid nonlinear e↵ects and optical damage during
the amplification process [7]. This ultrafast laser technology makes it possible to generate few-cycle
pulses with field intensities above 1018 W/cm2. Currently, amplified Ti:Sapphire laser systems can
routinely deliver an instantaneous peak intensity of 1015 W/cm2, corresponding to 109 V/cm. The
peak electric field approaches the electron binding energy in atoms. Thus, the ultrashort-pulse laser
can easily ionize atoms and allows experiments to be conducted on non-perturbative light-matter
interactions. There are a number of interesting phenomena that occur, often simultaneously, after
non-perturbative ionization has taken place, including above-threshold ionization (ATI), energetic
electron emission, non-sequential double ionization, as well as energetic photon emission (Figure
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2.1). High harmonic generation (HHG) is one such phenomenon, and occurs when the ionized
electron recombines with its parent ion.
The first observations of HHG date back to the late 1980s. In 1987, McPherson et al. focused
a strong 248 nm laser into neon and observed the 17th order harmonic [77]. Two years later, Li et
al. focused a strong 1064 nm laser field into di↵erent nobel gases and observed harmonics up to
about the 33rd harmonic order (Figure 2.2) [65]. The harmonic distribution presents three regions,
a steep decrease for the first few order harmonics, a plateau, and a sudden cuto↵ for higher orders.
A study on the variation of the conversion yield as a function of the driving laser intensity shows
that for low order harmonics (3rd, 5th, and 7th), their yield obeys the Ip scaling rule as expected,
where I stands for the driving laser intensity and p is the harmonic order. However, harmonics
above the 7th order all have a similar conversion e ciency and their yield does not scale by Ip.
These surprising results cannot be explained by regular perturbation theory. Also, there was no
theory that clearly explained the mechanism that determines the maximum photon energy created
during the HHG process.
2.2 Three-step model
Rigorous analysis of the way in which atomic gases interact with a laser field required a
careful numerical calculation of the quantum mechanics involved. Schafer and Kulander et al. were
the first to understand this process using a strong field approximation [64]. In 1993, a particularly
elegant picture of this process was intorduced by Kulander et al. and Corkum [25, 61]. They
suggested a semi-classical model of the HHG process. This model, referred to as the “three-step
model”, divides the HHG process into three steps (Figure 2.3).
• In step one, the strong laser field induces the ionization. The ionized electron is born into
the continuum with a zero initial velocity.
• In step two, this freed electron is accelerated away from the parent ion by the driving laser
field and gains kinetic energy.
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Figure 2.1: Some phenomena observed in light-matter interaction after initial ionization. They
can be separated into two classes. The first type is when the ionized electron is directly released
into continuum, such as above-threshold ionization (ATI). The second type is when the ionized
electron turns back and recollides with its parent ion. HHG belongs to the second one, where tb
and tr represent electron born time and return time, respectively. The energetic return electron
recombines with its parent ion and turns its extra energy into photon emission.
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Figure 2.2: (a) A typical high harmonic-intensity distribution showing low-orders, plateau, and
cuto↵ behaviors (b) Laser-intensity dependence on the number of photons at the 3rd, 5th in di↵erent
nobel gases and 7th, 21st, and 33rd harmonics in Ar. The scaling e ciency of the 3rd, 5th, and
7th harmonics depends on the absorption photon number. Harmonic orders higher than 7 have a
similar driving-laser intensity dependence and a similar conversion e ciency, until a sharp e ciency
“cut-o↵”. Figure is adapted from [65].
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• In step three, when the optical field reverses, the electron is accelerated in the opposite
directioin where it can recollide with its parent ion. The excess kinetic energy leads to the
creation of photons with energetic harmonics to the driving laser wavelength.
Despite its simplistic approach, the “three-step model” successfully explains the maximum energy
known as single-atom HHG cuto↵ that can be extracted from the oscillating electron in a recollision
which is given by
h⌫max = Ip + 3.17Up, (2.1)
where Ip is the ionization potential and Up represents the the average oscillation energy of a free
electron in the field, which is commonly called the “pondermotive energy”. Since the pondermotive
energy is dependent on the driving laser wavelength and the driving laser intensity, the single-atom
HHG cuto↵ can be rewritten as
h⌫max ⇡ IL 2L, (2.2)
where we neglect the first term of equation (2.1), the ionization potential Ip, because compared to
the pondermotive energy, Ip is typically much smaller. The cuto↵ rule is one of the most important
factors in studying HHG. This rule not only determines what is the highest-frequency harmonic
one can produce, but also what is the shortest x-rays pulse duration these harmonics can support.
2.3 Attosecond pulse generation
To date, sub-femtosecond light pulses can only be generated only through the process of
high-order harmonic generation (HHG). The idea of ultrashort pulse generation comes from a
technique of Fourier synthesis. When a comb of harmonics is generated in the spectral domain
with specific relative phases, it leads to a train of sub-cycle pulses, which can be as short as a few
hundred attoseconds. In the early 2000s, the attosecond pulse train measurement was demonstrated
[75, 84]. It was also predicted that extracting a single attosecond pulse from a train is in principle
possible by manipulating the polarization of the incident pulse [24], or by using few-cycle pulses
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and selecting the highest harmonic region [21]. In 2008, Goulielmakis et al. used a single-cycle
pulse at a central wavelength of 0.8 µm to demonstrate a single isolated attosecond pulse with a
pulse duration of ⇠ 80 as [45].
However, to date there are still three limitations for attosecond pulse generation. First, the
generated attosecond pulses are all in the EUV spectral region where the interaction medium has
strong absorption. The extension of the attosecond pulse generation into the keV spectral region,
where materials become more transparent, is still a problem. Second, the current attosecond pulse
duration is limited to its generated bandwidth. Third, the conversion e ciency (⇠ 10 6) from the
driving field into the extreme ultraviolet radiation (EUV) pulses is still low. Even by increasing
the intensity of the driving laser, the e ciency can not be improved, because when the gas is over
ionized, the observed conversion e ciency decreases.
To overcome these limitations, many experimental and theoretical studies were done over
the past decade. Generating high-order harmonics from plasma surfaces is one of the possible
approaches [93, 28]. In theory, this approach has a higher conversion e ciency than HHG in
the atomic medium. However, in order to generate a plasma HHG from the surface of a solid
target, one needs an exceedingly high laser-peak intensity of   1019 W/cm2, which is not easily
obtained in a standard laboratory. Another approach is by use of a longer wavelength driving
laser, from equation (2.2), the HHG cuto↵ can be easily extended. Such an extension had been
predicted in the early 1990s [24, 62]. However, a high-power, tunable table-top light source has
just been developed over the past five years. Through our extensive experimental studies, we
observed broader bandwidths of the harmonics generated from a long wavelength driving laser.
The bandwidths generated are capable of supporting extremely short pulses, down to single digit
attosecond durations. Experimental results and more detailed discussions will be presented in
chapter 5.
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Figure 2.3: An intense femtosecond pulse (red) extracts an electron wave packet from an atom or
molecule. (a) First, the electron is pulled away from the atom near the peak of optical field (b)
and accelerated. When the optical field reverses, the electron is driven back, where it can recollide
with its parent ion during a small fraction of the laser oscillation cycle. Since this is a coherent
process, the amplitude and phase of the return electron packet can be converted to high harmonics
upon recollision. The figure is adapted from [89]
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2.4 Ionization
Ionization plays an essential role in HHG which produces “freed” electrons that absorb energy
from the driving laser field. If no ionization happens, HHG could not occur. There are three
distinct ionization channels: multiphoton ionization, tunneling ionization, and barrier suppression
ionization. The intensity and the wavelength of the driving laser determines the dominate ionization
channel for a given atomic state. Keldysh introduced a parameter to distinguish these three di↵erent
regimes of ionization [55, 78].
2.4.1 Keldysh parameter  
The Keldysh parameter, ( ), is the ratio of the tunneling time to the optical period where
tunneling time is estimated by the width of the barrier divided by the electron velocity. It is given
by
  =
s
Ip
2Up
, (2.3)
where Ip is the ionization potential, and Up is the laser pondermotive energy as I mentioned in
equation (2.1).
•   >> 1, Multiphoton ionization: In this limit, where the driving laser has low intensity
but high single photon energy. The binding coulomb potential is slightly distorted, and the
light-matter interaction is still in a perturbative region. Multiphoton is a good description
of the transition in this region, where the ionization rate scales as I nL (IL is the laser
intensity and n is the number of absorbed photons).
•   < 1, Tunneling ionization: An atom is exposed to a high power laser at a low frequency.
Since the electron tunnels out in a time less than half the field period, the final energy and
momentum can be well determined by the Lorentz force.
•   << 1, Barrier-suppression ionization (BSI): In the last limit, a extremely high
constant laser field can easily break the potential barrier and let an electron directly leak
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to continuum states. Microscopically, the e↵ect of the strong magnetic field is no longer
negligible and the electron can be diverted by a nanometer distance, and can possibly miss
the recollision with its parent ion. Macroscopically, high-density free electrons significantly
disperse the driving laser field. It not only causes a laser defocusing issue, but also easily
breaks the HHG phase-matching condition.
Bright HHG is typically generated in the second regime (   < 1), with a driving laser intensity
ranging from 1014 to 1015 W/cm2. This is true because we need to ionize enough atoms to produce
enough free electrons for HHG. However, the driving laser intensity can not be too strong – otherwise
generated dense free electrons produce too much dispersion and prevent the HHG from phase-
matching. Detailed discussions about the macroscopic phase-matching conditions for HHG will be
presented in Chapter 3.
Figures 2.4 and 2.5 show how Keldysh parameters vary under di↵erent driving laser wave-
lengths and intensities. It is clear that for a given laser intensity when a longer driving wavelength
is used the dominated ionization mechanism tends to be tunneling ionization due to the longer
optical period [22]. Moreover, a target gas with a higher ionization potential Ip needs more laser
intensity for tunneling ionization.
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Figure 2.4: Variation of Keldysh parameter as a function of driving laser wavelength and intensities
in neutral helium. The red zone at the top-right corner (a higher laser intensity and a longer driving
wavelength) has a smaller Keldysh factor, where tunneling ionization dominates the ionization
process. However, the green zone at the bottom-left corner (a low laser intensity and a shorter
driving wavelength), has a larger Keldysh factor, where multiphoton ionization dominates the
ionization process.
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Figure 2.5: These curves shows the Keldysh parameter of one for all nobel gases. The gases with
higher ionization potential need more laser intensity or a longer wavelength to cross the tunneling
barrier of   = 1.
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2.4.2 ADK ionization model
In the tunneling ionization regime, the ionization rate can be approximated by the Ammosov-
Delone-Krainov (ADK) model [1]. The rates are known as the ADK rates and are valid for
monatomic gases, particularly for the noble gases. The ADK rate W (t) is given by:
W = 1.61!a.u.
Z2
n4.5eff
[10.87
Z3
n4eff
Ea.u.
E
]2neff 1.5 ⇥ exp[ 2
3
Z3
n3eff
Ea.u.
E
] (2.4)
neff =
Zp
Ip/13.6
(2.5)
where !a.u. is the atomic unit of frequency (!a.u.=4.134⇥1016 s 1) and Ea.u. is the atomic field
strength (Ea.u.=5.14⇥109 V/cm), Ip is the ionization potential of the atom in units of electronvolts
(eV), and E is the electric field of the atom [85, 56]. Note that the relation between electric field
E and the laser intensity IL is given by:
E[
V
cm
] =
r
754⇥ IL[ Wcm2 ] (2.6)
When the atom is exposed to a very strong electric field, the atom may experience sequential
multiple ionization. The ionization levels can be calculated as a function of time during a laser
pulse. Let Nj(t) be the number density of charge states j at time t. The evolution of Nj(t) is
given by a series of first-order coupled di↵erential equations. The stepwise ionization process can
be written as,
N˙0(t) =  W1(t)N0(t),
N˙j(t) =Wj(t)nj 1(t) Wj+1(t)nj(t),
N˙zmax(t) =Wzmax(t)nzmax 1(t),
(2.7)
where Wj(t) is the ionization rate for the production of charge state j.
Figure 2.6 shows one example of the multi-ionization process. The neutral helium is exposed
to a 10 fs laser pulse (4-cycle pulse) at a peak intensity of 1016 W/cm2. Under this strong driving
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Figure 2.6: (a) Evolution of the relative population of the charge state in helium, for a 10 fs gaussian
laser pulse at a central wavelength of 800 nm with a peak intensity of 1016 W/cm2. Blue, red and
green lines present how the neutral [N0], first charge state [N1] and second charge state [N2] vary
with time respectively. (b) The ionization rate also varies with time. It is clear that there are two
main ionization bumps. The first corresponds to the ionization of N0 ! N1. The second one is
from the N1 ! N2 ionization. The evolution curve is in stair-step shape with a double periodicity
of the driving laser because the rate goes to zero as the electric field cross zero.
22
pulse, the neutral helium is fully ionized in the first few cycles. As the laser field starts to increase
with time, it starts to pull out the second bound electron which has a higher Ip, and so on until
the laser field either can not produce ionization anymore or depletes all bound electrons.
Since ionization happens at the peak of the electric field, there are two ionization peaks during
one optical cycle. Because this ionization modulation has twice the periodicity as the driving laser
and the centrosymmetric nature of the gas medium, the spectrum of the resulting light field consists
of a comb of harmonics that are odd multiples of the fundamental frequency (Figure 2.2).
2.4.3 Wavelength-dependent Ionization
Since using driving lasers with longer wavelengths is one of the approaches to obtain a higher
HHG cuto↵, it is essential to look into the ionization rate under di↵erent driving wavelengths. For
laser intensities in the tunneling ionization region (  < 1 regime), Penetrante and Bardsley have
theoretically shown that the ionization rates are weakly dependent on the laser wavelength for
lower charge states [85]. Perry et al. (using a 1 picosecond, 0.586 µm laser with intensities of 1013
– 5⇥ 1014 W/cm2) [86] and Augst et al. (using a 1 picosecond, 1 µm laser with intensities of 1014
– 5 ⇥ 1016 W/cm2) [5] used di↵erent driving-laser wavelength, and both confirmed that the ADK
ionization model is in agreement with their experimental results. These findings directly show that
ADK ionization model is still correct for di↵erent driving wavelengths.
However, a longer-wavelength laser has the advantage of extending the harmonic cuto↵ en-
ergy, even for relatively low ionization level. Figure 2.7 shows the ADK ionization simulation in
neutral helium driven by two di↵erent-laser wavelengths of 0.8 µm and 4 µm (equation (2.4), (2.5),
and (2.7)). In this simulation, I keep the same peak intensity and the same pulse duration for
these two wavelengths. The results clearly show that already the driving wavelength are di↵erent,
those two lasers induce similar ionization-evolution curves, resulting in almost identical ionization
levels. However, since the HHG cuto↵ h⌫max is scaled as ⇡ IL 2L, a longer wavelength laser has
the advantage of extending the HHG cuto↵ energy higher. A peak intensity of ⇡ 3⇥ 1014 W/cm2
is enough for a 4 µm driving laser to generate keV harmonics. However, to achieve the same HHG
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cuto↵, 0.8 µm lasers need a peak intensity 25 times higher (⇡ 5⇥ 1015 W/cm2). Such high intensi-
ties bring the ionization process into the barrier-suppression ionization region, while the generated
dense plasma causes many problems, which are discussed in the following section.
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Figure 2.7: Evolution of the ionization rate in neutral helium driven by a 0.8 µm laser (solid red
line, yellow area) and a 4 µm (solid green line, green area) laser. The dash lines represent the HHG
cuto↵ energies which are scaled by ⇡ IL 2L. At the same intensity IL, a 4 µm laser can extend the
HHG cuto↵ 25 times higher than what a 0.8 µm laser has; however, the ionization levels stay the
same. This simulation keeps both driving lasers at the same peak intensity of 3⇥ 1014 W/cm2 and
at the same pulse duration of 50 fs.
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2.4.4 Ionization E↵ects
Ionization is an essential step for HHG. It generates free electrons as energy carriers, which
gain energy from the driving laser, and then produce photon emissions when recolliding into its
parent ion. Typically, if there is no ionization, there is no HHG.
With a low driving laser intensity, the HHG yield strongly depends on the driving laser
intensity, since it determines the ionization probability. However by significantly increasing the
intensity of the driving laser over ionization cause the reduction of conversion e ciency. The
propagating laser beam is greatly a↵ected by the process of ionization through energy loss and
a tendency to defocus in the presence of the generated plasma. The spectrum, spatial profile,
and coherence properties of HHG are largely determined by propagation e↵ects. There are several
ionization-induced phenomena, which a↵ect the spectral, spatial, and temporal properties of the
driving laser. I will discuss a few important phenomena in the following.
• Ionization-induced blue-shifting
The rapid growing electron density in the leading part of the pulse will immediately change
the refraction index of the local medium (n < 1 for free electrons) and induce a time-
varying phase modulation simultaneously. This kind of self-induced phase modulation
during ionization causes a blue shift in the spectrum [66, 6]. This phenomenon can be
easily understood by looking at the phase change as a function of time. A laser field with
a carrier frequency of !0 and a vacuum wavelength  0 can be written by
E(t) = exp[i(!0t  kL)]
= exp[i(!0t  2⇡
 0
n(t)L| {z }
phase  (t)
)], (2.8)
where L is the distance which the pulse has propagated and n(t) is the index of refraction
as a function of time. The phase shift results in a frequency shift of the pulse. The
instantaneous shifted frequency !(t) is given by:
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!(t) = d (t)dt = !0  
2⇡L
 0
dn(t)
dt| {z }
<0 for free electron
.
(2.9)
Because the ionization process decreases the index of refraction, a rapidly growing electron
density leads to a blueshifting of local frequency. Since the ionization rate changes during
the pulse (Figure 2.6 (b)), di↵erent parts of the pulse are blueshifted di↵erently. The
leading part of the pulse has a stronger blue shifting than the trailing part. Thus, such
ionization-induced blue-shifting directly influences the carrier frequency of the driving laser
fields, leading to a blue-shifting of the generated harmonics.
• Ionization-induced laser-defocusing
Previously, I have discussed the temporal phase modulation induced by the ionization,
which is one of most common phenomena observed in a high-power laser. Another simul-
taneous phenomenon is self-defocusing, which is caused by the spatial phase modulation.
Assuming that the focus spot has a gaussian-like intensity distribution, the peak intensity is
located in the central part of the beam. If the peak intensity is su cient for the ionization
to occur, the most dense part of the free electrons are also on the center. Since the index of
refraction is diminished on axis (n< 1), the gas becomes a diverging lens. Thus, significant
ionization leads to distortion of the beam wavefront. In particular, the peak intensity
is reduced. Ionization-induced defocusing limits the achievable intensity and interaction
length for bright HHG, especially under high-pressure and high-intensity conditions.
• Ionization-induced phase-mismatch
To have an e cient HHG, we need to consider phase matching – making the driving laser
and their harmonics travel at the same speed, which is particularly di cult in the ionized
medium. Since the refractive index of high frequency waves are less influenced by the
plasma, free electrons tend to speed up the driving laser light more than the generated
harmonics. In HHG process the ionization level is accumulated, phase matching condition
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is di cult to be conserved. Ionization becomes one of the most significant factors a↵ecting
the conversion e ciency of HHG – dephasing between the fundamental and harmonic fields.
Chapter 3 covers this important subject of the macroscopic phase-matching e↵ects.
2.5 Electron accelerated in a laser field
In the second step of the high harmonic generation, the ionized electron is first accelerated
away from its parent ion. Then, as the E-field of the laser switches sign, the electron is accelerated
back towards the parent ion. Corkum had shown that the cuto↵ energy of HHG and electron
trajectories can be predicted well using Newton’s Second Law [25].
Consider an electron that is created at rest at time tb (born time) in an electric field given
by Ey = E0cos(!t) (vertical linear-polarized laser). The electron’s equation of motion is given by
F = ma
eEy = may
eE0cos(!t) = my¨(t)
(2.10)
Since the electron has zero displacement and zero velocity at the ionization moment tb (y(tb) = 0,
and y˙(tb) = 0), the displacement, velocity, and kinetic energy of electron can be solved for and are
given by
y(t) = eE0m!2 [!(tb   t)sin(!tb) + cos(!tb)  cos(!t)] (2.11)
vy(t) = y˙(t) =
eE0
m!
[sin(!t)  sin(!tb)] (2.12)
KEy(t) =
1
2
mvy(t)
2 =
1
2
e2E20
m!2
[sin(!t)  sin(!tb)]2 (2.13)
= 2Up[sin(!t)  sin(!tb)]2, (2.14)
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where KEy(t) is kinetic energy of electron and Up is known as the “pondermotive energy”:
Up =
e2E20
4m!2
(2.15)
Up|{z}
[eV ]
= 9.33⇥ 10 14 ⇥ I|{z}
[W/cm2]
⇥  |{z}
[µm]
2
(2.16)
A close analysis reveals that only electrons ionized after the field peaks within an optical cycle
actually return to the atomic core, and have a possibility for the recollision. The types of electron
trajectories, and their return energies are shown below.
2.5.1 Multiple electron trajectories
Figure 2.8 presents electron trajectories driven by a laser field. In this calculation, I assumes
that a driving laser has a peak intensity of 5⇥1014 W/cm2 at the central wavelength of 0.8 µm, which
corresponds to a pondermotive energy of ⇠ 30 eV (refer to equation (2.15), and (2.16)). Electron
trajectories are calculated numerically. Depending on their ionization time tb (time of birth), the
consequent electron trajectory can be separated into four di↵erent kinds: long trajectories, cuto↵
trajectories, short trajectories, and no-return trajectories.
Table 2.1: Four kinds of electron trajectories, and their tb and tr
tb (time of birth) tr (time of return)
Long Trajactories 0  – 17  360  – 250 
Cuto↵ Trajactory 17  250 
Short Trajactories 17  – 90  250 – 90 
No-return Trajactories 90  – 180 
• Long Trajectories (Figure (2.8a)):
Ionization that occurs at a time slightly later than the peak field intensity corresponds to
a phase between 0  and 17 . Initially, an ionized electron will be pushed away from its
parent ion by the driving electric field. Then, this electron is brought back by following
the reverse electric field and can cause a collision with its parent at tr (time of return).
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Figure 2.8: Electron trajectories (black line) driven by a 0.8 µm laser (red line). The electron
is ionized at tb (born time) and is accelerated by the laser electric field (marked by yellow area)
before it returns to its parent ion at time tr (return time). The ionized electron belongs to (a)
long trajectories (b) cuto↵ trajectory ( c) short trajectories (d) no-return trajectories depending
on its born time tb. The gradient area shows the generated harmonic energy as a function of time.
Details are described in the main text.
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The average excursion time is ⇠ 75% of the optical cycle. Since electrons ionized here
have a longer excursion period in the continuum compared to other trajectories, they are
commonly called ”long trajectories”. It is worthwhile to point out that the generated
harmonics in this region are negative-chirped (blue part of spectrum is leading) since the
high-energy electron recollide with their parent ions earlier than the lower-energy ones do.
At this point it should be noted that a long-trajectory electron can pass by the atom more
than once before it recombines with the ion. This electron can still give up the proper
amount of energy for a particular harmonic, but the probabilities of such an event are
much less than recombining on its first pass, therefore those events are usually ignored.
• Cuto↵ Trajectory (Figure(2.8b)):
Electrons ionized at a phase of 17  have the trajectory that gives the greatest possible
kinetic energy at the recolliding phase of 250 . This energy is 3.17Up [25], which is the
HHG cuto↵ as mentioned in equation (2.1). The total excursion time for this trajectory is
⇡ 64% of the driving optical cycle. This trajectory is important, since it determines the
maximum energy cuto↵ of HHG.
• Short Trajectories (Figure(2.8c)):
When ionized electrons are born at the phase between 17  and 90 , they return back quickly,
with a total excursion time less than half the optical cycle. Electron trajectories here are
typically called “short trajectories”. It contrasts to what long trajectories have, generated
harmonics in this region are positively chirped (red part of the spectrum is leading) since
the lower energy electrons recollide with its parent ions earlier than the higher energy ones
do.
• No-return Trajectories (Fig.(2.8d)):
However, an electron will not collide with its parent once it is born at a phase latter then
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90 . It will have to wait until the next peak arrives (180 ). Since these energetic electrons
do not return to their parent ions, their kinetic energy gained from the driving lasers is not
converted into harmonic emissions, instead it is lost as heat or incoherent scattering. Note
that 50 % of possible trajectories belong to no-return trajectories.
2.5.2 Wavelength-dependent electron trajectories
In the previous section, the classical electron trajectories after ionization were explored. The
classical model successfully explains the HHG cuto↵ as 3.17Up. Using the same model, this section
covers the important subject of how HHG is scaled by driving laser wavelength. Some of the
important properties are listed in Table 2.2. Some of them are easily understood, but some require
numerical quantum mechanic calculations.
Table 2.2: HHG scaling by a laser at a wavelength of  L and a intensity of IL
HHG properties Scaled by  L Scaled by IL
(A) Electron acceleration time (tr-tb)  1L I
0
L
(B) Electron displacement  2L I
1/2
L
(C) Single-atom HHG cuto↵  2L I
1
L
(D) Harmonic chirp (atto-chirp  )  -1L I
-1
L
(E) a Harmonic intrinsic Phase ( )  3L I
1
L
(F) b HHG yield  -5L to  
-9
L
c I0L
a Described in Section 2.7
b Described in Section 2.6
c The scaling factor here depends on how the scaling is defined. The scaling of  -(5.5 6.5)L is reported theoretically
and verified experimentally for a fixed bandwidth [110, 97, 36]. The scaling of  -9L is calculated for an e ciency of a
single harmonic.[87]
The first four properies (A, B, C and D) in Table 2.2 can be understood by a classical
calculation shown in Figure 2.9. Two HHG pulses (gradient area) are driven by two di↵erent lasers
at central wavelengths of 0.8 µm and 1.6 µm, where I set the same peak intensity of 5⇥1014 W/cm2
for these two di↵erent wavelength laser, and the time zero to be at the peak of the electric field.
Their cuto↵ trajectory for these two wavelengths are shown.
(A) Electron acceleration time (tr   tb): In both cases the electrons are born at a phase of ⇠
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17  and return at a phase of ⇠ 250  with respective to their optical cycle. Both accelerated
electrons have spent 64% of their optical cycle in the continuum. Therefore, the time the
electron is accelerated is proportional to the wavelength of their driving laser. Note that
the acceleration time is independent of the driving laser intensity.
(B) Electron displacement: Once the born phase (!tb) and return phase (!tr) are fixed, it is
easy to know that the displacement is scaled by  2I1/2 as seen in equation (2.11). This
calculation shows that for the cuto↵ trajectory the maximum distance between the ionized
electron and its parent ion before recombination is 2.18 nm for the 0.8 µm driving laser. For
the 1.6 µm laser, the maximum distance is scaled up 4 times to 8.74 nm as expected. Later
on in this thesis, a 3.9 µm driving laser will be used for HHG, the maximum excursion
distance for the cuto↵ trajectory is expected to be ⇠50 nm. A much larger excursion
distance caused by a longer wavelength laser may induce “accidental collisions” between
the ionized electron and its neighboring atoms, instead of a recollision with its parent ion.
This may cause incoherent scattering light. More details are discussed in Chapter 5.
(C) Single-atom HHG cuto↵: The most important and well-known e↵ect of a longer wave-
length laser driving HHG is extending the cuto↵ energy higher. This is clearly shown from
equation (2.13) for a given electron born and return phase. In this calculation, a 1.6 µm
laser easily extends harmonic energies to ⇠ 400 eV from ⇠ 100eV driven by a 800 nm laser.
(D) Harmonic chirp (atto-chirp): In the HHG process, the accelerated electron comes back at
di↵erent time and with di↵erent energies. That makes a HHG pulse a naturally a chirped
pulse. The chirped value (the 2nd-order spectral phase) can be given by a ratio between
a time delay over a shifted energy [98, 27]. For short trajectories, the harmonic pulse
generated here is positive-chirped as shown in Figure 2.9. The chirp (slope  ) here is very
close to linear and can be written as
  / T
Up
/  
IL 2L
=
1
IL L
, (2.17)
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Figure 2.9: HHG pulses driven by two di↵erent lasers at wavelengths of 0.8 µm and 1.6 µm. Their
corresponding cuto↵ trajectories (blue lines) are shown. The peak intensities for those laser fields
are set equal to each other, then the cuto↵ is scaled by  2. A longer wavelength laser easily extends
the HHG cuto↵ higher. (A), (B), (C), and (D) mark the scaling properties listed in Table 2.2.
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where T is the electron acceleration time (tr-tb), which is proportional to its driving wave-
length, as shown in Table 2.2 (A). In this case, the leading part of pulse generated by the
short trajectories has a positive chirp of 3.1 [as/eV ] at 1.6 µm compared to 6.2 [as/eV ]
at 0.8 µm. The trail part of the harmonic pulse is from long trajectories, which are nega-
tively chirped. However it has also a similar chirped factor, but in the opposite sign. With
longer wavelength, the induced harmonic chirp is less and it is possible to obtain shorter
attosecond pulses than was previously possible at 0.8 µm [45, 58].
2.6 wavelength-dependent recombination
So far I have assumed that the ionized electron is a point particle that is accelerated by an
oscillating electric field. However, in quantum mechanics an electron is a wave-packet that easily
spreads out in the continuum. Since the recombination probability counts on the overlap between
the returning electron wave function and the wave function of the electron in the initial state, such
spreading of electron wave packet will decrease HHG e ciency.
Once the electron wavepacket is released into the continuum, the width of the wavepacket
transverse to the propagation direction is freely spreading, and is given by
Sf (spreading factor) =
r
↵20 + (
2T
↵0
)2, (2.18)
where T is the electron’s propagation time (T= tr   tb), which is proportional to  , and ↵0 is the
initial width of the wave packet [98, 14]. It is clear that at longer wavelengths, the electron spends
more time in the continuum and therefore experiences more spreading. This is predicted to reduce
the intensity of emission dramatically due to less electron-parent overlap. The most precise way
to calculate the single-atom HHG yield is to numerically solve the time-dependent Schrodinger
equation. However, this model is computationally time-consuming. To simplify the calculation,
Lewenstein et al. introduced a model which gives a qualitatively correct prediction in the regime
where the strong-field approximation (SFA) is valid [62, 117]. The HHG intensity is related to the
instantaneous dipole moment of an atom, which can be described as a sum of contributions from
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di↵erent trajectories that lead to a recollision of an electron with its parent ion:
p
IHHG(t) = d(t) /
X
trajectories
aion(t)⇥ apr(t)⇥ arec(t), (2.19)
where IHHG(t) is the HHG intensity, d(t) is the dipole moment, aion, apr, and arec represent ioniza-
tion, propagation and recombination probability amplitudes, respectively for a specific trajectory.
The ionization probability can be calculated from the ADK rate (shown in equation (2.4),(2.5) and
Figure 2.6), which is sensitive to the electric field but is independent of the driving laser wavelength.
The ionization amplitude at the moment tb is given by
aion(tb) =
r
dn(tb)
dt
. (2.20)
At the return moment, the product of propagation and recombination amplitudes can be given by
apr(tr)arec(tr) / ( 1
tr   tb )
3/2| {z }
/ 1 
3/2
exp[
 i
h¯
Z tr
tb
(
p2
2m
+ Ip)dt| {z }
instrinsic phase
]
(2.21)
The first term is related to the spreading factor that is also shown in equation (5.7). This is for
three spatial dimensions assuming the initial width of the wave packet is quite small and can be
scaled by   
3
2 . The phase term in the exponent is the quantum phase of the particle where p
is the electron’ momentum, m is the mass for one specific trajectory at the ionization time of tb
and return at tr. To predict the specific harmonic generation intensity, one can use the calculated
induced dipole simply by using a Fourier transform:
d˜(!HHG) /
X
trajectories
Z
aion(t)apr(t)arec(t)e
i!HHGtdt =
X
k
d˜k(!HHG) (2.22)
Since harmonics at a given frequency !HHG are radiated in the form of separated harmonic bursts
of k, the total yield at a frequency of !HHG is a sum of contributions from di↵erent ionization
bursts.
Since the HHG intensity I(!HHG) is proportional to the square of dipole moment d˜(!HHG)2,
a quick estimation of the single atom yield scaling of   5 in a certain bandwidth and a constant
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laser intensity can be obtained from a simple interpretation:   3 originates from the wave packet
spread, while an additional   2 factor arises from the conversion factor from photon number to
energy since HHG cuto↵ is scaled by  2.
A more precise solution of the time dependent Schrodinger equation was calculated by Tate
et al., Schiessl et. al, and Frolov et al. shows a slightly worse scaling of   5.5[110, 97, 36]. In
2009, Shiner et al. experimentally obtained an even worse factor of   6.5 [104]. When the driving
wavelength is doubled, the single-atom harmonic yield is expected to decrease vy ⇡ 50 – 100 times.
Even through the longer wavelength light is predicted to produce more energetic harmonics, a
low single atom yield remains a problem. However, all we considered so far are the single-atom
emissions. Fortunately, HHG brightness can be compensated by an increased optimal pressure for
phase-matching [90], which will be covered in chapter 3.
2.7 Harmonic intrinsic Phase
In 1997, Balcou and Salieres et al. found that intrinsic phase plays an essential role in HHG
phase matching in a free focus geometry [8]. Because intrinsic phase is driving laser intensity-
dependent, the intensity gradient of the driving laser at a given focus can adjust the relative
phase delay between the harmonics and the fundamental laser. Moreover, in 2003 and 2007, by
modulating the intrinsic phase, Gibson et al. and Zhang et al. realized two di↵erent quai-phase-
matching (QPM) schemes for the extension of HHG cuto↵ [41, 120]. In this section, I will present
how the intrinsic phase is scaled by the driving laser intensity and driving laser wavelength.
The full expression for the harmonic phase with respect to the fundamental is given by [8]:
  = !HHG ⇥ tr   1h¯
Z tr
tb
(
p2
2m
+ Ip)dt (2.23)
This can be obtained from equations (2.21) and (2.22). It has been shown that under the quasi-
classical approximation, the intrinsic phase can be determined by the value of the action acquired
along the classical trajectory. At the HHG cuto↵ energy, there is only one trajectory contributing
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Figure 2.10: Plot of the harmonic phase and energy in reference to the driving laser field in two
di↵erent driving wavelengths of 0.8 µm and 1.6 µm. More phase was accumulated under a longer
wavelength driving laser.
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to it. However, for a given harmonic component in the plateau region of the spectrum, there will be
two particular contributions (two quantum paths) : one from the short trajectory and the other one
from the long trajectory (Figure 2.10). These two trajectories have di↵erent intrinsic phases and
may interfere with each other since the intensity of a specific harmonic frequency is the coherent
summation of amplitudes associated with these trajectories.
According to a numerical simulation based on equation (2.23), figure 2.10 shows the harmonic
energy and the harmonic phase in reference to the fundamental. It clearly shows that trajectories
driven by a long wavelength laser acquire a larger phase than those driven by a short wavelength
laser. Figure 2.11 shows the results of the harmonic phase as functions of the intensity for di↵erent
wavelengths of the driving laser. The harmonic phase is approximately linear with the driving laser
intensity and can be written by  q '  UpT ' ✓ q ⇥ IL 3L, where ✓Tq represents the linear slope,   is
the type of trajectory, and q stands for the harmonic order or energy. The harmonic phase is scaled
by  3 where one   scaling comes from longer excursion time T and an additional  2 is contributed
from a higher pondermotive energy Up. Some of the linear slopes ✓ q are listed in Table 2.3.
For the long trajectories driven by a 0.8 µm laser, a phase shift of ⇡ is needed for an intensity
change of ⇡ 4.65⇥ 1013 W/cm2 at the harmonic energy of 125 eV. For the same phase shift in the
short trajectories, it requires ⇡ 3 times more intensity. Using a longer wavelength driving laser,
since the electron spends much longer time in the continuum, the accumulated phase is larger and
more sensitive to the driving intensity. For the same phase shift of ⇡ driven by a 1.6 µm laser, it
needs less intensity to change.
Due to these di↵erent slopes in long and short trajectories, the best phase matching conditions
will be di↵erent for the di↵erent trajectories.
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Figure 2.11: (a) Plot of the intensity dependence of the harmonic phase for two di↵erent harmonic
energies driven by a 0.8 µm laser. (b) Plot of the intensity dependence of the harmonic phase at
125 eV for two di↵erent driving wavelengths of 0.8 µm and 1.6 µm. In this calculation, I neglect
the contribution from the ionization potential (Ip) [42].
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Table 2.3: Harmonic Intrinsic Phase Scaling Factors / unit : [10 14 rad cm2/W ]
✓long ✓short a
800 nm @ 125 eV '  22.3 '  6.75
800 nm @ 75 eV '  23.4 '  6.47
1600 nm @ 125 eV '  184.7 '  61.4
a Short trajectories have a more complicated dependence on intensity which is not exactly linear and is significantly
smaller than the long trajectories. The estimations here is the slopes close to cuto↵ [95, 42].
2.8 Summary
Considerable e↵orts have been made into trying to understand the single-atom e↵ect on
HHG. With the work of LHuillier, Lewenstein and Corkum et al. [5, 64, 25, 62], we have a good
understanding of the harmonic behavior predicted in the single-atom calculations. In this chapter,
I reviewed the microscopic three-step HHG process of the ionization, the acceleration, and the
recombination in detail, especially for several HHG properties scaled by the di↵erent wavelength
lasers, e.g. electron acceleration time, electron displacement, HHG cuto↵, harmonic chirp, HHG
yield, and harmonic intrinsic phase. It clearly pointed out that the HHG properties are highly
dependent on the electron trajectories, which are fully controlled by the field of the driving laser.
Moreover, I also showed the tunneling ionization level can be precisely estimated by the ADK
model, and the ionization rate is very sensitive to the driving laser intensity, but is almost not
dependent on the driving laser wavelength. This chapter just covered the singe-atom harmonic
behavior. About the propagation e↵ects on the HHG, they are essential for the brightness of the
harmonic output, which will be discussed in the next chapter.
Chapter 3
Macroscopic E↵ects in High-Order Harmonic Generation
In Chapter 2, the physics of HHG emission from a single-atom was discussed. However,
the harmonic output must account for emissions from all active atoms. For HHG experiments,
the typical gas pressure in the laser-gas interaction region ranges from 1 torr to 50 atmospheres,
corresponding to 1013 1017 atoms. However, not all atoms are ionized. If we assume the ionization
rate is 1%, there are still 1012  1015 emission sources. It is a challenge to make all active atoms at
di↵erent positions emit harmonics in phase (Figure 3.1). This chapter covers the important subject
of macroscopic e↵ects in HHG, and how it relates to the phase matching conditions. The chapter
will conclude with a description about the phase-matching cuto↵ measurement.
3.1 Propagation equations
In order to calculate the macroscopic response of the system, we can solve Maxwell’s equations
for the fundamental and harmonic fields. Simplified propagation equations are given by
4?Ef (r, t) + 2ikf (r, t)@Ef (r, t)@z = 0, (3.1)
4?Eq(r, t) + 2ikq(r, t)@Eq(r, t)@z =  
q2!2f
✏0c2
PNLq (r, t)e
i(qkf kq)z, (3.2)
where Ef (r, t), and Eq(r, t) represent the slowly varying amplitude of the fundamental, and qth order
harmonic fields propagating in the medium with wave vectors kf and kq. PNLq is the nonlinearly-
driven polarization for the medium. For HHG, this term microscopically depends on the gas species,
driving laser intensity, and driving laser wavelength, while macroscopically it depends on the gas
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Figure 3.1: Harmonic intensity as a function of the length of the harmonic medium for three
di↵erent 4k cases: 4k=random, 4k = 0, and 4k = ⇡/Lc. Lmed is the medium length, and Lcoh
represents the coherence length.
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density. If we confine our interest along the z-direction, the first term in equation (3.2) can be
dropped. The z-dependent intensity can be expressed by
dEq
dz
=
E0qz }| {
iµ0q2!2
2kq
PNLq e
i(
4kz }| {
qkf   kq)z (3.3)
Eq(L) =
Z L
0
E q ei4kzdz (3.4)
where 4k = qkf   kq is the phase mismatch between the fundamental and qth order harmonic
fields. As it propagates in the medium, the fundamental laser coherently excites atoms as harmonic
emitters – E q . These emitters have an initial spatial phase of qkfz, which is acquired from the
fundamental field. However, the emitted harmonics have their own propagation speed, or spatial
phase of kqz. Dephasing between the fundamental and harmonic fields limits the nonlinear up-
conversion e ciency. The maximum energy transfer from the fundamental fields to harmonic fields
requires that they propagate at the same speed.
3.2 Sources of dispersion
To generate high harmonics, the fundamental field is typically focused into a gas jet, a gas
cell, or coupled into a hollow waveguide. This creates a higher peak intensity for ionization. There
are four main dispersion sources which cause phase-mismatch in this process: the HHG geometry,
the neutral gas, the ionized free electrons, as well as the harmonic intrinsic phase. The geometry
dispersion comes from either the focus-induced Gouy-phase shift, or the waveguide dispersion.
Neutral gas, and free electrons can induce a refractive index change that directly influences the
propagation of the fundamental and harmonic fields. Finally, as discussed in Chapter 2 the harmonic
phase is linearly dependent on the driving laser intensity. A non-uniform intensity distribution in
the focus consequentially produces a harmonic phase slip between fundamental and harmonic fields.
This section discusses all these dispersion sources in detail, and the induced-dispersion changes are
listed in Table 3.2. Section 3.3 of this chapter will present the phase-matching schemes for the
free-focusing and waveguide geometries.
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3.2.1 Dispersion from geometries
There are two main HHG geometries employed to obtain a higher peak intensity for ionization,
a free focus geometry or a hollow waveguide. Both of these induce the same sign of dispersion;
however, the value of the Guoy phase continuously varies along the direction of propagation while
the waveguide phase and intensity can be fixed over extended propagation distances. For the
free focusing geometry, focusing leads to a phase advance of the fundamental field on axis, which
is known as the Gouy-phase shift. For the waveguide geometry, there is also an induced phase
advance by the waveguide.
• Free focusing geometry
The electric field of a focused Gaussian beam, propagating in the z direction is given by
E(z, t) = ei!(
z
c t) ⇥
Gouy phasez }| {
e i⇥arctan(z/zR) (3.5)
where ! is the angular frequency of the beam, zR is the Rayleigh range of a focus [46, 67]. It
is clear that the Gouy-phase term contributes an additional z-dependent phase that makes
the propagation constant di↵er from its vacuum value. Near the focus (z ' 0), arctan( zzR )
can be approximated by zzR . The total z dependent wave vector k for a gaussian beam can
be given by
k ' !
c
  1
zR
=
!
c
  2c
!W 2
(3.6)
' 2⇡
 L
 0.8d
2
 f2| {z }
4kGouy
, (3.7)
where for a Gaussian beam the Rayleigh range zR can be replaced by !W 2/(2c), the beam
waist W can be replaced by ' 0.63 f/d, f is the focal length, d is the beam diameter,
and  L is the driving laser wavelength in vacuum. The Gouy-phase shift induces a per-
turbation term of 4kGouy, which decreases the wave vector k (induces a phase advance).
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The decreased value depends on the focal length, the beam size, and the driving laser
wavelength.
• Waveguide geomtery
The guiding of the laser beam in a hollow-core fiber leads to a correction in the propagation
constant, which can be written by
k = nWG
!
c
=
r
1  !
2
WG
!2
⇥ !
c
(3.8)
' !
c
  cµ
2
nm
2!a2
=
2⇡
 0
  Lµ
2
nm
4⇡a2| {z }
4kWG
, (3.9)
where !2WP is the waveguide frequency of µ
2
nmc
2/a2, a is the inner radius of the hollow
waveguide, µnm is the mth root of the Bessel function Jn 1(µnm) = 0, n is the number of
periods of each field component in the ✓ direction, and m is the number of nodes counted
in the radial direction. Several modes, and their coe cients are shown in Figure 3.2 and
Table 4.2. The decrease in the value 4kWG depends on the driving laser wavelength, the
coupling mode, and the waveguide size.
From equation (3.7) and equation (3.8), it is worthwhile to note that both HHG ge-
ometries decrease the propagation wave vector.
Table 3.1: Coe cients µnm for several lower EHnm modes
m = 1 m = 2
J0(n = 1) µ11 = 2.405 µ12 = 5.520
J1(n = 2) µ21 = 3.831 µ22 = 7.015
J2(n = 3) µ31 = 5.135 µ32 = 8.417
3.2.2 Dispersion from neutral atoms
As we know, the refractive index of a neutral gas is slightly larger than one, and the o↵set
value is relevant to a polarizability ↵. Since the polarizability is linearly proportional to the gas
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Figure 3.2: Electric field lines of modes in a hollow waveguide. The EH hybrid modes are almost
transverse. For the most part, the laser is coupled into the EH11 mode for HHG. Figure reproduces
from [76].
47
density, it is given by
↵ = ✏0(n
2
1atm( L)  1)
Np
N1atm
, (3.10)
where n1atm( L) is refractive index in one atmosphere at the driving-laser wavelength  L, Np is the
given gas density, and N1atm represents as a constant of the gas density at one atmosphere. Once
the fundamental field propagates in a neutral gas, the wave vector k of the field is modified by
k = nneutral
!
c
=
r
1 +
↵
✏0
⇥ !
c
(3.11)
' !
c
+
!
c
(n1atm   1) Np
N1atm
=
2⇡
 0
+
2⇡
 0
4nz }| {
(n1atm( L)  1) NpN1atm| {z }
4kneutral
, (3.12)
where nneutral is the refractive index of neutral atoms, and we can set 4n=n1atm( L)   1. The
neutral gas dispersion is the one contribution to phase matching that has a positive sign, and thus
is critical to true phase-matched propagation over an extended range of propagation. Interest-
ingly, early studies [63] neglected this term, presumably because of the low pressures of gas used.
Rundquist et al. [94, 30] deduced from experiments clearly showing phase-matched HHG in hol-
low waveguides, and from the pressure dependence of this phase-matched emission, that in-fact
the neutral gas contribution is the essential contribution. The balance of neutral gas dispersion
with geometrical and plasma terms means that phase matched HHG upconversion is a general
phenomenon that occurs as the gas is being ionized. Following the Rundquist work, Constant et al
also analyzed this in detail.
3.2.3 Dispersion from free electrons
Since the first step of HHG is ionization, the resulting free electrons can change the refractive
index of the medium as well. The wave vector change induced by free electrons is given by
k = nelectron
!
c
=
s
1  !
2
p
!2
⇥ !
c
(3.13)
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' !
c
  nee
2
2!me✏0c
=
2⇡
 0
  0nere| {z }
4kelectron
(3.14)
where nelectron is the refractive index of free electrons, !p represents the plasma frequency (
q
nee2
me✏0
),
re is the classical electron radius (
1
4⇡✏0
e2
mec2
= 2.818⇥ 10 15[m]), and ne stands for electron density.
It is clear that the free electrons decrease the wave vector by 4kelectron, which is a function of the
driving laser wavelength and free-electron density. Note that it plays an important role as soon as
a significant portion of the gas becomes ionized, especially for HHG from a high-power laser.
3.2.4 Dispersion from harmonic intrinsic phase
The intrinsic phase is the harmonic phase relative to the fundamental field. Such a phase
only belongs to harmonics, and it is sensitive to the driving laser intensity. Balcou et al. first
pointed out this phase is approximately linear with the driving laser intensity [8, 18] The harmonic
field can be given by
EHHG ⇡ ei⇥!HHG(z/c t) ⇥ exp(i⇥ ✓ q IL), (3.15)
where !HHG is the harmonic angular frequency, ✓ q represents the linear slope of the laser intensity-
dependent phase,   is the trajectory type, q stands for the qth order harmonic order, and IL is the
driving laser intensity. Some values of ✓ q are listed in Table 2.3 in Chapter 2. Since the intensity
distribution can be expanded by a Taylor series expansion (IL = I0+
  !rIL⇥ z+ · · · ), and the wave
vector of the qth order harmonic can be given by
kqth = q
2⇡
 0
+ ✓ q
  !rIL| {z }
4kIntrinsic
, (3.16)
it is clear that the intensity gradient induces a wave vector shift of 4kIntrinsic. Since harmonics
from long and short trajectories have di↵erent laser-dependent phase ✓ q , we can expect that they
have di↵erent phase matching conditions.
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Table 3.2: Dispersion sources and their 4k
Dispersion sources 4kL / fundamental 4kq / qth harmonic 4ka
Gb
Free Focusing    0⇡W 2 or   0.8d
2
 Lf2
–
Waveguide   Lµ2nm4⇡a2   Lµ
2
nm
4⇡a2 /q ' 0 –
Neutral Atoms 2⇡ L4n
Np
N1atm
' 0 +
Free Electrons   Lnere   Lnere/q ' 0 –
Intrinsic Phase ✓ q
  !rIL +/– c
a The sign of 4k = q4kL  4kq.
b Geometry
c Its 4k is pointing to   !rIL direction.
3.3 Balancing phase mismatch in a free-focusing, or a hollow waveguide
geometry
The previous section introduced all possible dispersion sources, and their first order approx-
imations are summarized in Table 3.2. In this section, all the di↵erent dispersion mechanisms will
be combined into a total phase matching equation, and di↵erent phase matching schemes will be
discussed. We will consider both the free-focus and waveguide geometries.
• Free Focus phase matching :
Phase matching of HHG can be achieved by balancing the various dispersion terms in order
to obtain a zero net phase mismatch [94]. In the case of a free focusing geometry, the total phase
mismatch is contributed from four sources: Gouy-phase shift, neutral atoms, free electrons, and
harmonic intrinsic phase. After combining all first order approximations for these dispersion sources
from Table 3.2, the total phase-mismatch 4k = qk0   kq ' q4kL  4kq becomes
4k =    L
⇡W 2| {z }
Gouy Phase
+P [
2⇡(1  ⌘)q
 L
4n]| {z }
Neutral atoms
 P [⌘(q   1
q
)N1atmre L]| {z }
Free Electrons
 ✓ q
 !rI| {z }
Intrinsic Phase
, (3.17)
where ⌘ is the ionization level and P is the gas pressure [94, 30]. Note that the Gouy-phase term
and the free-electron term are negative, the neutral-atom term is positive, and the direction of the
intrinsic phase term is determined by the intensity gradient. The addition of the intrinsic phase
term into the phase matching equation was first introduced by L’Huillier and Balcou et al. [63, 8].
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They found that through controlling
 !rI by adjusting the location of the gas jet relative to the
focus of the driving laser beam, they observed an improvement in harmonic conversion e ciency,
and changes in the harmonic beams divergence. When the jet is placed after the focus, the intrinsic
phase gradient adds to the neutral atom dispersion to compensate for the Gouy phase shift, and
the free-electron dispersion, resulting in a good phase matching on axis (Figure 3.3). If the jet
is placed before the focus, the intrinsic phase gradient is now directed in the opposite direction,
preventing phase matching on axis. However, phase matching is also possible o↵-axis, resulting in
a far-field beam profile that has a large annular distribution.
Previous works have shown that on-axis phase-matching, and o↵-axis phase-matching are
contributed to by di↵erent electron trajectories. The o↵-axis phase matching is close to the center
of the focus, which has more free electrons and more Guoy-phase shift. It requires more harmonic
phase shifts for the compensation leading to a preference in the contributions from the long tra-
jectories, since they have larger intensity-dependent intrinsic phases than short trajectories do. In
contrast, the short trajectories contribute more for the case when the gas medium is after the focus
since the ionization level is lower and there is less free electron dispersion.
The free-focusing phase matching mechanism is quite important for HHG, especially for a
low power laser that needs a tight focus in order to achieve ionization [68, 20]. For example, to
generate harmonics from argon using ⇠ 25 µJ and 50 fs pulses, the focal spot size must be  30
µm. We achieved this by using a strong lens (7.5 cm) to focus the light into the gas cell [20].
Figure 3.3 (c) shows the conversion e ciency for the 29th harmonic order (45 eV) as a function of
the laser focus position. It is clear that there are two phase-matching peaks, where the di↵erent
contributions to the total 4k equation compensate each other (4k = 0). On axis, collinear phase
matching is seen when the laser is focused 50 µm before the gas cell, while non-collinear o↵-axis
phase matching is seen when the laser is focused 10 µm after the gas cell. The beam profiles in
the far field are significantly di↵erent as well. A gaussian-like beam is observed in on-axis phase
matching, while a donut shaped beam is obtained in o↵-axis phase-matching. They correspond to
short trajectory and long trajectory phase matching, respectively.
51
Figure 3.3: (a) Illustration of the phase matching conditions for two positions of the gas jet relative
to the laser focus. (b) Conversion e ciency of HHG for the 45th harmonic order as a function of
the distance of the focus from the gas jet. The 3D plots illustrate the far field beam profile at those
two phase matching peaks. (c) Harmonic beam profiles using a tight focus geometry in a gas cell.
Figure is adapted from [95, 8, 20].
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• Hollow Waveguide phase matching :
The group of Murnane and Kapteyn has extensively developed the technique of phase match-
ing HHG in a hollow waveguide geometry. There are several reasons for that. First, a waveguide
can maintain a high laser intensity over a long distance, often several times the typical Rayleigh
range of a free focus geometry. This contrasts the free focusing geometry where the driving laser
beam is easily defocused by the ionized free electrons, which limits the conversion e ciency. Sec-
ond, the waveguide is able to maintain very high gas pressures. Unlike a gas jet or gas cell, hollow
waveguides provide a convenient mechanism for gas management. Since the generated harmonic
can be reabsorbed by the target gas itself, it is essential to confine the gas density to a region
where the laser intensity is high, and reduce the density elsewhere to vacuum. For example, for
HHG from a 4µm driving laser, the optimal pressure is as high as > 50 atm. Such a high pressure
cannot possible by maintained by a gas jet or gas cell. Third, the waveguide can clean up the
beam profile of the driving laser by acting as a spatial filter. Maintaining a better beam profile
of the driving laser in the gas-light interaction region will also leads to a better beam profile of
the harmonic beam. In a free focus geometry, phase matching conditions are continually changing
as the intrinsic phase and guoy phase vary through the focus. This results in the complex spatial
profiles of figure 3.3, which is also present to some extent even in the optimum (i.e. gas after focus)
geometry. The waveguide allows for an extended region of on-axis phase matched emission, with
constant intensity that also minimizes the influence of the intrinsic phase. This extended phase
matched on-axis geometry has proven to result in HHG beams that exhibit near-perfect spatial
coherence [12, 18]. All these factors make the waveguide a unique geometry for HHG.
In the waveguide, the total phase-mismatch mainly arises from three dispersion sources: the
waveguide, neutral atoms, and free electrons. The Gouy-phase term, and the intrinsic-phase term
in this geometry are negligible since the fundamental light propagates as the plane wave in the
waveguide with a uniform intensity distribution. From the Table 3.2, the total phase-mismatch
4k = qk0   kq ' qk(1)0   k(1)q is given by
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Figure 3.4: Pressure-tuning phase matching : curves show the pressure dependence of the harmonic
yield for several gases. Figure is adapted from [30].
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Figure 3.5: Pressure-tuning phase matching : Plot of the optimal pressure for phase matching as a
function of ionization level. Beyond critical ionization, pressure-tuning phase-matching is no longer
possible. It also clearly shows that harmonic single increases at a higher pressure due to more
active atoms contributing to harmonic emissions.
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4k =  qµ
2
11 L
4⇡a2| {z }
Geometry – Waveguide
Pressure dependent termz }| {
+P [
2⇡(1  ⌘)q
 L
4n]| {z }
Neutral atoms
 P [⌘(q   1
q
)N1atmre L]| {z }
Free-Electrons
, (3.18)
where the waveguide and free-electron terms are negative, while the neutral-atom term is positive.
Note that both the neutral-atom term and the free-electron term are proportional to the pressure
P . These two terms can be thought of as the pressure-dependent term. The sign of the pressure-
dependent term is very important, since it determines the possibility of phase matching.
• Pressure-dependent term > 0
If the sign of the pressure-dependent term is positive, it enables us to simply tune the
pressure to compensate for the negative geometry term (Figure 3.4, and 3.5). A specific
pressure can lead to complete phase matching (4k = 0). This is where the HHG has the
best conversion e ciency, and the best output beam quality. This scheme is commonly
called “pressure-tuning phase matching”, which was first introduced by Rundquist and
Durfee et al. [94, 30].
• Pressure-dependent term < 0
If the sign of the pressure-dependent term is negative, no pressure-tuning phase-matching
is possible. Adding more pressure actually dephases the fundamental and harmonic fields
even more, and makes harmonic output weaker.
3.4 Critical Ionization level ⌘c
These two dramatically di↵erent consequences described in the previous section lead to one
important question, “What does determine the sign of the pressure-dependent term?” It is clear
that the answer is the ionization level ⌘, which is the ratio between neutral-atom term and free-
electron term shown in equation (3.18). It plays an essential role for pressure-tuning phase-matching
because once the ionization level becomes higher than a certain ionization level ⌘c, the pressure-
dependent term changes sign from positive to negative. At an ionization level higher than ⌘c, it
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is not possible to implement pressure tuning to compensate for geometry dispersion as mentioned
above. Increasing the pressure actually makes phase mismatch even worse. This critical ionization
level ⌘c can easily be obtained from equation (3.18) when one sets the pressure-dependent term
equal to zero. It is given by
⌘c = (1 +
N1atmre 2L
2⇡4n )
 1 / 4n
 2L
(3.19)
The critical ionization level ⌘c highly depends on the refractive index of the target gas 4n and
the driving laser wavelength  L(Figure (3.6)). It becomes smaller for lighter atoms due to their
smaller refractive index 4n. It also scales down by its driving laser wavelength as   2L : one
  1L scaling comes from the neutral atoms which become smaller for long wavelengths, while the
other   1L scaling arises from the free-electron dispersion which induces more phase shift for a longer
wavelength laser. It is clear that helium always has the smallest critical ionization level ⌘c compared
to other nobel gases, and it becomes much smaller for a long wavelength laser. For example, once
the driving wavelength changes from 0.8 µm to 4 µm, in helium ⌘c drops from 0.5 % to 0.02 %.
3.5 Harmonic energy limit – phase-matching cuto↵ (PMC)
From the previous section, we found the critical ionization level hinders the phase-matching
conditions. At an ionization level higher than that, too many free electrons make the phase matching
condition of 4k = 0 not possible. The harmonics generated later than that point will no longer be
generated e ciently. The critical ionization level limits the maximum reachable phase-matching
energy, which is defined as “phase-matching-cuto↵” (PMC) as shown in Figure 3.7. This is due to
the fact that bright HHG happens only at the early part of the laser pulse where the ionization
fraction is still lower than the critical value. As a result, we experimental observe PMC energies
are always lower than the singe-atom cuto↵ as ⇡ 3.17IL 2L, where we neglect the relatively small
ionization potential Ip. Note that the PMC is di↵erent from the single-atom-cuto↵, since it is the
cuto↵ after we consider the light propagation e↵ect, and is what we can practically observe in
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Figure 3.6: Curves show the critical ionization levels for di↵erent driving wavelengths for all nobel
gases.
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experiments.
There are four main factors which can directly influence the PMC: the driving-laser pulse
duration, the driving-laser intensity, the target gas species, and the driving-laser wavelength. The
following sections discuss them in detail.
3.5.1 PMCs for di↵erent pulse durations
The ionization level highly depends on the laser pulse duration. To gain a better understand-
ing, we implement a numerical calculation where the ionization level is estimated by the ADK
model, and the critical ionization level (⌘c) is obtained from equation (3.19). Figure 3.8 shows
how the pulse duration a↵ects the accumulated ionization level. When exposed to the electric field
longer, atoms can create more free electrons in the continuum. It clearly shows that driving pulses
with a short pulse duration can postpone the ionization level reaching the critical point, since the
ionization rate does not have as much time to build up. As a result, phase-matched harmonics
can be generated in a higher laser intensity with a higher cuto↵ energy. Since no bright output
of harmonics can exist after the critical ionization level is reached, making the ionization rise time
very short is one the approaches to extend the harmonic orders [105, 101]. The example here shows
that for the 250 fs pulse, the ionization level passes the critical point (⌘c) at ⇠ 70 fs before the
laser peak. At that moment, the maximum possible harmonic energy is ⇠ 120 eV. However, for
a shorter pulse of 25 fs, the ionization level passes the critical point ⌘c at the laser peak. The
harmonic energy limit is the peak intensity of the driving laser itself which is ⇠ 140 eV. We can
conclude that a laser with a shorter pulse duration can extend the phase-matched harmonic energy
higher.
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Figure 3.7: The calculation of ionization level in Ar as a function of time using a 0.8 µm laser with
a pulse duration of 25 fs, and a peak intensity of 4⇥ 1014 W/cm2. The critical ionization level (3.5
% in Ar for a 0.8 µm laser) defines the pressure-tuned phase-matching zone and no phase-matching
zone. The PMC is the maximum reachable harmonic photon energy in the phase matching zone.
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Figure 3.8: Ionization levels (cyan area, and red area) vary in helium when driven by two laser
pulses which have the same peak intensities of 7.4⇥ 1014 W/cm2, but di↵erent pulse durations of
250 fs (cyan line) and 25 fs (red line). Grey dot-dash line represents the critical ionization level.
The phase-matching cuto↵ (PMC) is also presented. The ionization level driven by a longer pulse
passes the critical level earlier, leading to a lower PMC. In this calculation, we assume the central
wavelength of the driving laser is 0.8 µm.
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3.5.2 PMCs for di↵erent driving-laser intensities:
In the single-atom point of view, the high-harmonic cuto↵ is determined by the the single-
atom cuto↵ (⇡ 3.17IL 2L). Since it is linearly proportional to the driving laser intensity, one may
directly scale up the harmonic order by increasing the laser intensity. This concept is correct only
when the target medium is a “single” atom, which is not the case for the experiments we discuss in
this thesis. Moreover, we can expect that the harmonic from a “single” atom should be very weak,
and hard for practical applications.
In the real case, harmonics are generated from a total of 1013  1017 atoms depending on the
phase-matching pressure. For a given driving-laser wavelength we found experimentally that by
increasing the driving-laser intensity, the bright harmonics are always limited to a certain energy
level. When the intensity is increased further, the harmonic signal drops down due to too much
ionization. For a 0.8 µm laser, the observed energy limits are ⇡ 50 eV for argon, ⇡ 100 eV for
neon, and ⇡ 150 eV for helium. These energy limits are at their PMCs (experiment data are shown
in Appendix A).
To understand the PMC scaling under di↵erent driving-laser intensities, we implement the
same numerical calculation as shown in Figure 3.8. Figure 3.9 shows the results of the PMC
as a function of the driving-laser intensity. It clearly shows that at low laser intensities, the
maximum phase matched possible energy is linearly proportional to the laser peak intensity. Since
the induced-ionization level is lower than the critical level, all harmonic emissions are allowed to be
phase matched. Here the maximum harmonic energy is limited by the single-atom cuto↵, which is
linearly scaled by the laser intensity. However at high intensities, the accumulated ionization level
can pass the critical level (⌘c), which limits the maximum reachable phase matching energy. The
calculation result also shows that the maximum phase matched harmonic energy could be slightly
shifted up by a higher laser intensity; however, the small increasing slope is negligible. We can
conclude that even by increasing the intensity of the driving laser, the phase matched harmonic
energy is still blocked by a barrier – PMC.
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Figure 3.9: The plot shows the PMC as a function of the driving-laser peak intensity. In this
calculation, we assume the gas medium is helium, the central wavelength of the driving laser is
0.8 µm, and the pulse duration is 20 fs. The plot clearly shows that for a 0.8 µm laser the bright
harmonic is limited to  160 eV, even when driven by a higher laser intensity.
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3.5.3 PMCs for di↵erent gases:
Figure 3.10 shows the evolution of the ionization level in nobel gases for a 25 fs driving pulse.
It clearly shows that xenon produced ⇡ 4 orders of magnitude higher ionization level than helium
did after the pulse. Because xenon has a much lower ionization potential (Ip) than helium, it can
be ionized easier if the pulse energy remains the same. From the single-atom point of view, low
Ip atoms can produce brighter harmonics than high Ip atoms since the former one can produce
more ionization leading to more harmonic emissions. Comparing to other nobel gases, xenon
has the brightest “single-atom” emission. In 2002, an EUV pulse with microjoule energies was
experimentally demonstrated in xenon by Takahashi et al., and Hergott et al. [107, 48]. However
from the macroscopic point of view, if too many free electrons are generated, the pressure-tuning
phase matching conditions will breakdown sooner The brightest harmonic from xenon is limited
to  25 eV as show in Figure 3.10. This calculation clearly shows that for Xe, Kr and Ar, under
this assumed 25 fs pulse, their ionization levels pass the critical level during the leading edge of the
pulse. Since the pressure-tuning phase-matching condition can not be supported after the critical
level, harmonics can no longer be generated e ciently. The brightest harmonics are limited to the
low energy region of the spectrum.
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Figure 3.10: The plot shows how the ionization levels vary with time driven by the same laser pulse
for di↵erent nobel gases. In this calculation, we assume the driving laser pulse has a pulse duration
of 25 fs, and a peak intensity of 4 ⇥ 1014 W/cm2 at the central wavelength of 0.8 µm. The red
dash line shows the 3.17 ⇥ Up, where Up is the pondermotive energy. The solid bars on the right
represents the critical ionization level ⌘c for all gases.
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3.5.4 PMCs for di↵erent driving-laser wavelengths:
Since the PMC is determined by the critical ionization level, it certainly depends on the
driving-laser wavelength and gas species (refer to equation (3.19)). Following the same calculations,
Figure 3.11 predicts the PMC scaling for di↵erent driving-laser wavelengths for all nobel gases. Note
that since the PMC is also highly dependent on the laser pulse duration, we assume the same driving
laser pulse duration of 8-cycles for all driving laser wavelengths. It is clear to see when comparing
the nobel gases, helium has the highest PMC due to its higher ionization potential Ip, even though
it has the lowest critical ionization level as shown in Figure 3.6 [90]. Using a 0.8 µm driving laser,
the PMC limits the highest harmonic orders  160 eV. This is also the reason why when using the
most common femtosecond laser, Ti:sapphire, all harmonic applications demonstrated so far are
limited in the EUV spectral region (20   120 eV). No bright harmonics have been generated over
the 160 eV barrier. Using a shorter laser pulse could lower the ionization level, and extend the
PMC higher. Current technology already uses nearly single-cycle pulses, and the PMC still limits
bright harmonics  200 eV [101, 100, 117].
This prediction also clearly indicates that by using a 2 µm laser, the PMC can reach the half
keV spectral region. When a 4 µm laser is used, the PMC can be extended further to the 1.5 keV
spectral region. Over the past five years, we have experimentally phase matched harmonics using
0.4 µm, 0.8 µm, 1.3 µm, 2 µm, and 3.9 µm. The details of these di↵erent-wavelength lasers are
described in Chapter 4, and the experimental results are presented in Chapter 5.
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function of the driving laser wavelength. This is for a pulse duration of eight optical cycles.
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3.6 Harmonic flux limit - Gas Reabsorption
So far, for all discussions and calculations we have assumed the target gas is transparent.
However in the real case, the gas medium not only emits harmonics, but can also reabsorb them.
Following [23], when absorption is considered, equation (3.4) has to be modified to
Eq(Lmed) = ⇢⇥ E0q
Z Lmed
0
e
i z⇡Lcoh e
 Lmed z2Labs dz (3.20)
Iq = |Eq(Lmed)|2 = ⇢2|E0q |2
4L2abs
1 + 4⇡2
L2abs
L2coh
[1 + e
 LmedLabs   2cos(⇡Lmed
Lcoh
)e
 Lmed2Labs ], (3.21)
where E0q is the amplitude of the atomic response for the qth harmonic, ⇢ is the gas density,
Lcoh = ⇡/4k is the coherence length (4k = kq   qk0), Lmed is the medium length and Labs is the
absorption length. Here we assume that E0q is independent of z, which is true in a loose focus or
waveguide geometry. Figure 3.12 shows the evolution of harmonic flux as a function of the medium
length for several coherence lengths. Even when the coherence length is infinite, the HHG emission
saturates as soon as the medium length, Lmed, is ' 10 times longer than Labs, since harmonics
emitted beyond that are reabsorbed. When Lcoh < Labs, the e ciency saturates at smaller values.
Constant et al. showed that the optimizing conditions, Lmed > 3Labs and Lcoh > 5Labs ensure the
output flux is more than half of the maximum response Fluxm, which is given by
Fluxm ' 4⇢2|E0q |2L2abs = 4⇢2|E0q |2
1
⇢2 2q
= 4|E
0
q
 q
|2, (3.22)
where  q is the photoabsorption cross section for the qth order harmonic [23]. Since this expression
only considers HHG in the z-direction, if one also takes into account the harmonic beam size on
x-y plane [107], the maximum flux is replaced by
Fluxm ' 4|
E0q
 q
|2 ⇥ Sspot, (3.23)
where Sspot is the harmonic spot-size area. Note that the maximum flux is independent of the
gas density, but is limited by the single atom response E0q , and the photoabsorption cross section
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Figure 3.12: Harmonic on-axis flux as a function of the medium length (in units of absorption
length). The dotted line corresponds to a zero absorption case. Figure is from [cite]
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Figure 3.13: Transmission as a function of photon energy in nobel gases. We have assumed that
the light propagates through an 1 cm cell with a constant pressure of 30 torr. Data are from CXRO
(http://www.cxro.lbl.gov/).
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 q. The single atom response of HHG E0q , can be improved by the driving-laser intensity and
wavelength, or be using the “bigger” atoms for a brighter “single-atom” emission. However, the
photoabsorption cross section  q is a constant for a given gas. Figure (3.13) shows the transmission
curve for all nobel gases. Even in the full phase-matching condition, the gas reabsorption limits the
harmonic brightness, especially in the EUV region of the spectrum. In addition, the harmonic flux
can scaled up by increasing the harmonic spot-size as well [107, 48]. This can be accomplished by
using a high-power laser with a very long focal lens. Even though the gas reabsorption limits the
harmonic flux in the propagation direction, the harmonic beam size can enhance of harmonic flux.
3.7 Phase-matching cuto↵ measurement
In 1998, pressure-tuning phase matching of HHG in the waveguide was first demonstrated
by Rundquist and Durfee et al. [94, 30]. This is the first demonstration of true phase matching of
HHG, since the geometrical phase shift is constant with propagation distance. This is also the first
clear experimental demonstration of phase matching of HHG. The contribution of the waveguide
to the overall phase matching wave vector means that phase matching conditions become pressure-
dependent, allowing for explicit control over the phase matching conditions that is not possible in
a low-pressure free-focus geometry. In addition, phase matching could be achieved over a longer
propagation distance due to the plane wave nature of the propagation geometry. However, by
analyzing the HHG spectra to measure the PMC was intensely studied in 2008 [91]. Here I will
show one measurement of the harmonic PMC in argon driven by a 0.8 µm laser.
Figure 3.14 shows pressure-tuning harmonic spectra. In this experiment, the total length of
waveguide was 20 mm while the central constant-pressure region is 10 mm, and the extra 5 mm on
each end enabled di↵erential pumping. At a low backing pressure of 2 torr, the observed maximum
photon energy is higher than 72 eV. While at a higher pressure of 25 torr, the harmonics between
40 and 50 eV increased, but the harmonics higher than ⇡ 55 eV decreased dramatically. This
result clearly indicates that the ionization level has exceeded the critical ionization level at ⇠ 55
eV, which is the PMC as mentioned in the previous section. Phase matching of higher harmonic
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orders beyond this energy cuto↵ can no longer be obtained. In fact, a higher pressure will increase
the free-electron density, which dephases the fundamental and EUV fields more as a result of weak
harmonic output. A calculation according to the parameters used in the experiment is shown in
Figure 3.7. It clearly shows that the predicted PMC of ⇠ 55 eV is consistent with the experimental
result here.
We can also clearly observe the optimal phase-matching pressure and the maximum harmonic
flux from the pressure-dependent harmonic spectra. It clearly shows that for HHG in argon, the
optimal phase-matching pressure is ⇡30 torr and the harmonic peak is ⇡45 eV. At the higher
pressure, energy peak shifts to higher harmonic orders as we expect. This is because higher order
harmonics are generated at higher ionization level which has more free-electron dispersion, a higher
gas pressure (neutral atom) is required to balance the dispersion (refer to equation (3.18)).
We also can obtain the optimal phase-matching pressure, and the harmonic flux limit from
Figure 3.14. It shows that for HHG in argon driven by the wavelengths of 0.8 µm, the optimal
phase-matching pressure is ⇡30 torr, while the harmonic peak is at ⇡45 eV. At a higher pressure,
energy peak will shift to higher harmonic orders as we expect. This is because higher harmonic
orders are generated at higher ionization level which has more free-electron dispersion, a higher gas
pressure, neutral atom, is required to balance the dispersion (refer to equation (3.18), and Figure
3.5). In addition, typically noble gases have a higher transmission at higher energy. As a result,
the target gas itself serves as a high pass filter for the generated harmonics.
One final important note from the pressure-dependent spectra is the harmonic flux limit. At
a higher pressure, even though there are more atoms contributing to the harmonic emissions, the
harmonic flux is still limited. There are several reasons explaining that, e.g. plasma-induced laser
defocusing, ionization losses, a wrong phase-matching pressure and so on. However, the eventual
limit is the gas reabsorption, which is discussed in Section 3.6. In this experiment, at the optimal
pressure of 30 torr the absorption length becomes as short as 2 mm, while the waveguide length is
10 mm. We can conclude that the harmonics are mainly generated in the region near the exit of the
waveguide, since the harmonics emitted at the beginning of the waveguide are mostly reabsorbed
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by target gas itself in propagation. The harmonic flux is limited by the gas reabsorption at a higher
pressure.
3.8 Conclusions
In the first half of this chapter I reviewed all possible dispersion sources for HHG, and also
introduced the phase-matching schemes for both free focusing, and waveguide geometries. We saw
that the waveguide geometry allows for a pressure-tuning phase-matching scheme that is a simple,
but powerful way to generate bright harmonics.
In the second half of this chapter, I presented two HHG limitations. The first limitation was
the phase-matching cuto↵ (PMC), which limits the harmonic energy. The second limitation was
the gas reabsorption, which limits the harmonic flux. However, we conclude that the harmonic
energy limit can be overcome by a long wavelength driving laser, and the harmonic flux limit can
be overcome by a larger harmonic beam size.
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Figure 3.14: (a) Experimental HHG spectrum through 200 nm Al filter as a function of pressure,
demonstrating phase-matched emission from Ar using a 0.8 µm pulse, together with Ar and Al
transmission shown on the top. (b) Lineouts show two harmonic spectra at a low and high pressure.
The plot clearly shows that harmonics > 55 eV becomes weaker at a higher pressure. Since higher
order harmonics are generated at a higher ionization level, the ionization level should pass the
critical level at 55 eV, which is the measured PMC.
Chapter 4
Driving Light Source and High Harmonic Generation Setup
In the previous two chapters, I discussed the microscopic and macroscopic pictures of HHG.
By combining both pictures we show that the harmonics can be extended to the higher photon
energy region by using a longer wavelength driving laser and a highly transparent gas. We also
predicted that the water window spectral region(add in the region) can be reached by using a
2µm driving light, which is very important for bio-imaging. By using a 4µm laser, harmonics can
be further extended into the keV spectral region, a region where material science research would
benefit. However, making long wavelength driving lasers is challenging in itself, especially few-cycle
and multi-millijoule pulses.
This chapter will mainly focus on the driving-laser sources used for the HHG experiments
presented in this thesis, followed by a description of the HHG experimental setup. The wavelengths
of these driving lasers are 0.4 µm, 0.8 µm, 1.3 µm, 2.0 µm, and 3.9 µm. The 0.8 µm and 0.4 µm
light sources were produced by a Ti:Sapphire amplifier, and its frequency-doubling. The 1.3 µm
and 2.0 µm light sources were generated by an Optical Parametric Amplifier (OPA) pumped by a
Ti:Sapphire amplifier. The 3.9 µm light source was created by Optical Parametric Chirped-pulse
Amplification (OPCPA), which was developed by the Baltusˇka’s group at the Vienna University of
Technology [2]. An overview of these light sources is listed in Table 4.1. In addition, the 2µm light
source from the OPA is passively carrier envelop phase (CEP) stabilized, which is very important for
isolated single attosecond pulse generation. This part will be emphasized later on in this chapter.
The chapter will conclude with a description of the HHG experiment setup.
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Table 4.1: Light sources from OPA for HHG experiment
Max. Energy Pulse Duration CEPa Rep. Source
0.4 µm 7 mJ 35 fs 26 cycle 10 Hz DL. Ti:S b
0.8 µm 25 mJ 24 fs 9 cycle 10 Hz Ti:S
1.3 µm 6 mJ 35 fs 8 cycle 10 Hz Ti:S OPAc
2.0 µm 3 mJ 40 fs 6 cycle
p
10 Hz Ti:S OPA
3.9 µm 10 mJ 80 fs 6 cycle 20 Hz OPCPAd
a Carrier Envelope Phase (CEP) stabilization.
b Double frequency of Ti:Sapphire Chirped Pulse Amplifier.
c Optical Parametric Amplifer (pump:0.8/single:1.3/idler:2.0 µm).
d Optical Parametric Chirped-Pulse Amplification (pump:1.064/single:1.46/idler:3.9 µm)
4.1 0.8 µm – Ti:Sapphire Chirped Pulse Amplifier (CPA)
The 0.8 µm laser pulses are generated from a two stage Ti:Sapphire chirped pulse amplifier
(CPA) shown schematically in Figure 4.1 [7]. The laser system starts with a Kerr-lens passively
modelocked Ti:sapphire oscillator that operates at a repetition rate of ⇠ 90 MHz. The oscillator
contains a prism pair to compensate the dispersion and is typically able to generate a bandwidth of
⇠ 150 nm tail-to-tail at a center wavelength of 790 nm, which corresponds to a transform-limited
pulse of ⇠10 fs.
The output of the Ti:Sapphire oscillator was stretched to 200 ps using a grating stretcher.
The repetition rate of the pulse was reduced to 300 Hz using a Pockels cell.
The first stage of amplification was a multipass (9-12 passes) amplifier, which was designed
as a folded ring to minimize astigmatism. It was pumped by frequency-doubled Nd:YLF laser
(Quantronix Falcon) with a pulse energy of ⇠ 20 mJ and a pulse duration of ⇠ 150 ns at a
wavelength of 527 nm.
A second Pockels cell pulse selector, which was placed before the entrance to the second stage
amplifier, cleared the pre-pulses and limited crosstalk of the ASE (amplified spontaneous emission)-
induced optical noise between these two stages. The low energy pulse was then amplified to 60 mJ
in the second stage pumped by a frequency-double Nd:YAG laser (Spectra Physics GCR-130) at
532 nm with a pulse duration of ⇠10 ns and maximum pulse energy of 240 mJ. The pump laser
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itself is flash-lamp pumped. The second stage of amplification was a simple four pass configuration.
In order to clean up the beam profile and remove the amplified spontaneous emission that was
acquired from the second stage amplifier, the beam was sent into a spatial filter before the pulse
compressor.
The pulse duration after the grating-based compressor was typically 21-24 fs, which was
measured by SHG-FROG [113]. To keep a better output beam quality, a holographic grating was
used rather than a ruled one, in spite of a derease in compressor e ciency from 68%(ruled) to
55% (Holographic). The M2 value of the beam was measured to be 1.1 using a Spiricon M2 beam
propagation analyzer, which indicates a good output mode.
4.2 0.4 µm – Frequency-Doubled Ti:Sapphire
The 0.4 µm femtosecond light source was simply generated by frequency-doubling the Ti:Sapphire
Amplifier output using a BBO crystal (Type I, ✓ = 29.2 ,   = 90 , thickness=100 µm). Typically,
we can get conversation e ciency of 40% from 0.8 µm to 0.4 µm. The pulse duration was 30 fs,
which was measured using SD-FROG [113].
4.3 1.3 µm, and 2 µm – Optical Parametric Amplification (OPA)
The 1.3 µm, and 2 µm femtosecond light sources were generated by a modified commercial
(Light Conversion, model HE-TOPAS) three-stage optical parametric amplifier (OPA) seeded by
white-light continuum. It was pumped by the 10 Hz Ti:sapphire laser amplifier system that was
described in the previous section. The OPA started with a white-light continuum generated in a
sapphire plate. It was then then additionally chirped in time and used as a signal seed. The reason
to use a chirped seed pulse is to avoid multicolor seeding (Figure 4.2).
In the subsequent two amplification stages, a time-isolated signal seed (1.3 µm for this ex-
periment) was amplified to ⇠ 100 µJ by overlapping the signal seed (1.3 µm) with the pump pulse
in time at the phase matching angle of BBO crystal (type II, ✓ = 28 ,  = 0 ). Finally, the signal
beam was further amplified in a 1.5 mm-BBO crystal at the saturation regime of amplification.
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The resulted output energy was 6 mJ for the signal pulse of 1.3 µm, and 3 mJ for the corresponding
idler pulse of 2.0 µm. Total conversion e ciency of 37 % from the pump into both the signal and
idler was achieved. The output stability of the OPA was less than 5 % root mean square (rms).
4.3.1 CEP self-stabilization – the idler wave
One very important property of the idler beam of OPA seeded by pre-pumped white-light
continuum is that it is self carrier-envelope-phase(CEP) stabilized. The CEP, defined as the phase
di↵erence between the peak of the electric field and the peak of the envelope, is a key parameter
in the generation of few-cycle laser pulses, especially single attosecond pulses [10, 45]. Typically,
di↵erent pulses generated in the laser will possess a di↵erent CEP because of dissimilar dispersions
of carrier and envelope phases inside the media.
However, CEP of pulse can be stabilized by either active or passive methods. Active control
starts by measuring the pulse-to-pulse CEP slip in a mode-locked oscillator and stabilizing it using
an active electronic feedback. The pulse is then further amplified to mJ order in the amplifier to
drive the OPA [9]. An actively CEP-controlled Ti:Sapphire amplifier systems typically produces
pulses centered at 0.8 µm with a measured rms fluctuation of ⇠ 0.1 rad [34, 43], However, it is quite
challenging to maintain mJ-order CEP stabilized pulses-because CEP is extremely sensitive to the
laser propagation environment. Any changes in the refractive index that are induced by air flows,
temperature drifts, nonlinear e↵ects and so on will influence the CEP phase. Furthermore, active
CEP stabilization also relies on a sophisticated design of the electronic feedback loop to e ciently
suppress the noise in the circuit. The other alternative is passive CEP stabilization, which was first
proposed in 2002 by Fuji et al. [9]. The working principle relies on di↵erence frequency generation
(DFG) between two pulses sharing the same CEP. In this process the absolute phases of the third
pulses add up with opposite signs, canceling the CEP fluctuations and leading to an all-optical
stabilization. The concept can be understood by the following steps. A few-cycle pump wave can
be represented by
80
Ep(t) / exp( t
2
⌧2p
)exp{ i(!pt+  CEP )}, (4.1)
where ⌧p is relative to the pulse duration, !p is the frequency of the pump wave, and  CEP is the
CEP phase. If the CEP is stable, then  CEP is constant from shot to shot. However, this is not
the case for our Ti:Sapphire laser. However,all the pulses from the white-light generation of the
pump pulses share the same CEP phase  CEP . Each invividual pulse can be described by
Es(t) / exp( t
2
⌧2s
)exp{ i(!st+  CEP )}, (4.2)
Where the index of ”s” stands for a single wave. The idler wave will be the DFG between the pump
and signal waves, and proportional to nonlinear polarization ePi(t) as
Ei(t) / i ePi(t) / iEp(t)E⇤s (t) / exp{ i[ ⇡2 +
!iz }| {
(!p   !s) t+
=0z }| {
( CEP    CEP )]}. (4.3)
The resulting phase of the idler is therefore a constant ( ⇡2 ), making the idler wave passively CEP
stabilized.
The absolute phase stability of the idler wave was characterized using a classical f   2f
interferometer: an attenuated idler pulse is first focused in a 1.5 mm thick sapphire plate to
generate a white light continuum, and subsequently frequency-doubled in a BBO crystal (Figure
4.3) [53]. The spatially overlapped fundamental and second harmonic pulses are projected to the
same polarization with a thin-film polarizer and then sent into a spectrometer. For the 2 µm light,
the spectral overlap between the spectrally broadened fundamental and its second harmonic – lies
in the range of 1 – 1.1 µm, while the spectral overlap between the 0.8 µm light and its second
harmonic lies in the 0.4 – 0.55 µm wavelength range.
Figure 4.4 shows a f–2f interference pattern obtained by averaging over 10 laser shots for a
pump wave of 0.8 µm and the idler wave of 2 µm. The fluctuating phase-dependent fringes tell
that the CEP phase  CEP is not stable for the 0.8 µm wave. However, the interference between the
idler pulse and its second harmonic shows a very stable fringe pattern. The phase evolution curve
shows the CEP noise with a 4 CEP rms of 0.2 rad over a long period. Through a phase-amplitude
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Figure 4.3: CEP measurement by a f-2f setup: L1, L2 are lens, Sapp. represents a Sapphire plate
and, Pol is a polarizer. The fundamental light and its second harmonic (SH) have a spectral overlap
at ⇠ 1 µm. A single shot interference is shown at the bottom.
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Figure 4.4: Series of f–2f interferograms of the pump (a), and the idler (b) part of the OPA together
with extracted CEP jitter. The f-2f interferogram was integrated over 10 laser shots. Note that
the idler part of 2 µm shows long term stability, with an rms jitter of the carrier wave with respect
to the pulse envelope of 210 mrad over 40 mins without any corrective feedback. Figure is adapted
from [19].
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Figure 4.5: A statistical distribution of the CEP of the idler wave (2 µm) as a function of its second
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Figure 4.6: (Top)Phase shift of the interference pattern by the CEP shift induced by an insertion
of a fused silica wedge pair along the idler path. (Bottom) Phase shift dependence on the fused
silica thickness, together with the predicted phase shift (grey line).
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measurement, Figure 4.5 clearly shows that laser CEP phase is coupled with the pulse intensity.
Note that in this measurement there is not any phase correction feedback. The phase fluctuation
is likely attributed to the air flow, noise vibration, and pulse energy fluctuations [34, 50].
The short-term CEP stability of the idler could be improved by using a more stable pump
laser and operating the OPA in the saturated regime of amplification. The long-term stability could
be improved easily by adding a feedback loop to compensate for slow drifts. An example would
be to insert a piece of glass with variable thickness along the idler path. The di↵erence between
group and phase velocities of the light is used to alter the relative phase of the carrier respect to
the pulse envelope. The change of the glass thickness 4L is related to the CEP shift 4 CEP by
4 CEP = !c4L( 1vp  
1
vg
), (4.4)
where !c is the central angular frequency of the infrared pulse, and vp and vg are the phase velocity
and group velocity. Figure 4.6 shows the interferogram shifts with di↵erent wedge insertion depths.
We have demonstrated the CEP of the idler wave is preserved in the OPA, and we can control the
CEP phase precisely by a wedge pair.
4.4 3.9 µm –Optical Parametric Chirped-pulse Amplification (OPCPA)
For the current OPA configuration using a 0.8 µm pump, the extension of the OPA output
into the mid-infrared (MIR) range above 3 µm becomes a challenge, especially for few-cycle and
multi-millijoule pulses. First, the quantum conversion e ciency from the 0.8 µm pump pulse energy
into the MIR becomes very low leading to less MIR seed light. Second, increasing the pumping
laser intensity will only help to a certain point because too much pumping energy can easily
induce beam self-focusing, wavefront distortion, and spectral blue-shifting during propagation.
The distorted pump beam will further influence the output beam quality from the OPA and it is
even able to generate unwanted white-light continuum in nonlinear crystals as background noise.
Third, a high power signal and idler wave pair may saturate in the nonlinear crystal and converse
back into the pumping laser. Thus, for the ⇠4 µm light source we implemented another amplifier
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technique – optical parametric chirped-pulse amplification(OPCPA), which merges the OPA and
CPA techniques. The first multi-millijoule ⇠4 µm OPCPA amplifier was developed by Baltusˇka
and Pugzˇlys et al. [2]. The front end of the OPCPA system was a Yb:KGW diode-pumped solid-
state master-oscillator (Light Conversion, Ltd.), which delivered 1.030 µm seed pulses as shown in
Figure 4.7. To get synchronization for both the pump and signal wave in the OPCPA amplifier,
the pulse from the oscillator was spectrally separated by a volume Bragg grating (VBG), and used
as a seed for both the Nd:YAG and the Yb:CaF2 pump lasers.
• OPCPA Pump Wave – 1.064 µm : For the pump wave of the OPCPA, the 1.064µm
seed selected by the VBG was further amplified by a Nd:YAG amplifier to an energy of
about 250 mJ with a pulse duration of 70 ps. This amplifier system consisted of one
regenerative amplifier and two booster amplifiers. Note that a fused silica etalon was
installed in the regenerative amplifier to limit the pulse duration in order to avoid optical
component damage in the following two booster amplifiers.
• OPCPA Signal Wave – 1.46 µm: The 1.46 µm beam was generated from a three
stage KTP (Potassium-Titanium-Oxide-Phosphate / KTiOPO4) OPA, which stares from
a white-light generation, and was pumped by 1 mJ, 1.030 µm pulses. The OPA scheme
is similar to what was discussed in section 4.2. Some major di↵erence were the nonlinear
crystal was changed from BBO to KTP, and the pump wavelength was 1.030 µm instead
of 0.8 µm. This was done because the wavelength of the corresponding idler wave is 3.9
µm at which the BBO crystal has strong absorption. Moreover, the type II KTP crystals
(✓ = 45.5 ,   = 0 ) can support a relatively broad bandwidth at 1.5 µm [59, 60, 79].
• OPCPA Idler Wave – 3.9 µm : The 3.9 µm beam was generated from a two stage
KTA OPCPA (Potassium Titanyle Arsenate/ KTiOAsO4 ,type II, ✓ = 41.1 ,   = 0 ) as
a idler wave. The KTA crystals were used instead of KTP crystals because the former
are more transparent at a wavelength of 3.9 µm. Note that to reduce the risk of optical
coating damage by the MIR pulses, the second-stage crystal is cut at Brewster’s angle for
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the p-polarized pump and idler waves in order to achieve high transmission, while the s-
polarized signal wave was slightly attenuated. Even though an angular dispersion of 0.02 
was induced by the Brewster cut surface, it was small when compared with the di↵raction
limited divergence of the 3.9 µm beam. We did not observe any beam spatial chirp in the
far field.
• OPCPA output specifications : The first OPCPA stage was pumped by a 50 mJ pulse.
The signal wave was amplified to 0.5 mJ, whereas the pump and idler waves were discarded
to prevent double seeding in the second amplifier. Even though a 25% reflection loss for the
signal wave was measured in the second KTA crystal due to the Brewster angle cut, we were
able to produce 22 mJ uncompressed pulses for the signal wave and 13 mJ uncompressed
pulses for the idler wave when we used 175 mJ pumping wave. The single pass gain for the
signal wave was 125 in the first stage, and 40 in the second stage. After the pulses were
compressed in the grating pair (300 l/mm), an energy of ⇡8 mJ per pulse was obtained for
the 3.9 µm idler wave.
• OPCPA Stretcher and Compressor : So far all we have discussed is the KTA based
amplification systems. However, another challenge is the stretching and compression of
the MIR pulses. This was especially challenging for our laser system. The stretcher was
designed for the signal wave of the OPCPA. However, the compressor was used to compress
the idler wave. Thanks to the natural property of OPA, the signal and idler waves are in
phase conjugation (refer to equation (4.1), (4.2), and (4.3)). In this system, the stretching
of the signal seed wave and the compression of the idler wave were both performed by
negative dispersion grating pairs (Figure 4.7).
In order to to match the pulse duration of the pump wave for a higher gain, the
seed wave of 1.46 µm was temporally stretched to ⇠50 picoseconds. Note that additional
Brewster angled LAK16A prisms were installed in the signal pulse stretcher in front of the
di↵raction gratings as a grism pair to correct for the third-order dispersion term of the
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idler grating compressor (Table 4.2) [106, 29]. An additional 10  tilt o↵ the the Brewster
incidence was introduced to finely adjust the ratio between the second-order and third-
order dispersions. Although the extra prism pair reduced the overall transmission of the
stretcher from 50% to 8.5%, the remaining 4 µJ of the 1.46 µm pulse after the stretcher
was enough to seed the OPCPA.
Table 4.2: The signs of the SOD and the TOD for the stretcher and compressor in the OPCPA
system
Device SODa TODb
GRISM Stretcher Signal Wave – –
OPA mc md me
Idler Wave + –
Compressor – +
a Second order distortion.
b Third order distortion.
c Phase conjugation.
d A positive SOD for the signal wave corresponds to a negative SOD for the idler wave in the OPA process.
e A negative TOD for the signal wave corresponds to a negative TOD for the idler wave in the OPA process.
Note that the signal wave was tuned to the wavelength of 1.46 µm because it achieved the
highest OPCPA e ciency, even though the corresponding idler spectrum starts to be absorbed
by the KTA crystal (Figure 4.8). The absorption actually acts as a spectral filter, and can help
broaden the idler pulse bandwidth. Meanwhile, absorption prevents gain saturation of the para-
metric amplifier. A SHG FROG based on a AgGaS2 crystal measured a pulse duration of 80 fs,
corresponding to 6-cycles pulses at 3.9 µm. The output beam profile was excellent as shown in
Figure 4.8, and the measured M2 value was ⇠1.2.
One final note about the OPCPA light source should be mentioned. Currently, the CEP
phase of the idler pulse at 3.9 µm is not passively stabilized, even though both the signal and
idler waves were seeded from the same oscillator, and the idler wave was also created by the DFG
scheme [54]. This is likely because the total optical path from the oscillator to the final stage of
the OPCPA is very long and phase noises were easily accumulated by several factors e.g. Nd:YAG
cavity instability, vibration noises, nonlinear fluctuation e↵ects and so on. Since the signal wave
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(a) (b)
Figure 4.8: (a) Spectra of the signal and idler pulses after the last OPCPA stage, together with the
KTA crystal transmission curve. (b) The beam profile of the 3.9 µm idler pulse. Figure is adapted
from [2].
and the pump wave have di↵erent CEP drifts during the propagation, the DFG in the OPCPA can
not cancel the CEP drifts. However, this problem can be fixed by directly seeding a CEP stabilized
idler wave from OPA into OPCPA.
4.5 High harmonic generation setup
All EUV and soft x-ray light presented in this thesis were generated from waveguides, and
characterized by the flat-field soft X-ray spectrometer with an x-ray sensitive CCD camera. Figure
4.9 shows the experimental setup for HHG. All the di↵erent wavelength driving lasers were focused
through a 250 µm-thick CaF2 window into the waveguide setup in vacuum. The window was set at
a Brewster’s angle of 55 , which allows   90% of the p-polarization transmission in the wavelength
range between 0.25 µm and 6 µm. Since EUV and soft x-ray frequencies are strongly absorbed by
materials, HHG beams must propagate in a vacuum of ⇠ 10 4 torr or lower for a typical beam
path of a few meters.
Depending on the driving laser wavelength and the absorption length of target gases, the
waveguide length varies in a range from 0.5 mm to 100 mm, and the inner diameter varies from
125 µm to 400 µm for the data presented in this thesis. The length here refers to the length of the
constant-pressure section. Each waveguide was held in a straight v-groove with two holes drilled in
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it to allow for the input of the gas, and there are two small sections of ⇠5 mm at each end which
allow di↵erential pumping to vacuum on either side. More details about the waveguide holder setup
are described in Ref.[83].
The nonlinear media used for HHG in this thesis were typically the noble gases: helium,
neon, and argon. The pressure of the gas introduced to the waveguide was controlled using either a
Siemens sub-atmospheric pressure regulator (Model 43-20L) in pressures less than one atmosphere,
or by directly using a high pressure regulator for pressures in multi-atmosphere region.
Since in our experiments very high pressures were implemented, a sophisticated three-stage
di↵erential pumping setup was used (Figure 4.9). It consisted of three 45  tilted surfaces with 1
mm diameter holes drilled in their centers as small irises [88]. For the best performance the three
di↵erential pumping blocks were attached to three independent scroll pumps (Varian Triscroll-
300). The measurement showed that these di↵erential pumping stages could decrease the pressure
by three orders of magnitudes (Figure 4.10). Even if the pressure in the waveguide was as high as
a few tens of atmospheres, the measured pressure right after the di↵erential pumping section was
only a few torr.
The harmonic light was focused and spectrally characterized with a grazing incidence soft
X-ray spectrometer made by Hettrick Scientific, Inc [49]. The spectrometer employs a Kirkpatrick-
Baez focusing set, which consists of one horizontal focusing mirror and one vertical focusing mirror.
The horizontal focusing mirror was made by a cylindrical mirror which can be adjusted to remove
any astigmatism at the focus on the CCD camera. The vertical mirror was a spherical mirror with
a radius of curvature of 20 meters. Both mirrors were coated with gold, and reflected soft x-rays
at a grazing incidence angle of ⇠ 3 . The gratings had a varied groove density, allowing a flat field
focus at the CCD, and an e cient reflection of wavelengths in the range from 1 nm to 30 nm. The
angle of the grating could be adjusted in vacuum to scan di↵erent wavelength ranges. A series of
filter wheels were placed between the spectrometer chamber and the CCD camera for attenuation of
the intense driving laser beams but to allow transmission of the EUV and soft X-ray light incident
on the camera. Di↵erent metal filters were also used for the spectrum calibration.
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4.6 Summary
In this chapter, I discussed all di↵erent driving laser light sources for HHG ranging from the
visible light of 0.4 µm to the mid-infrared light of 3.9 µm (Table 4.1). For HHG, all driving pulses
are required to have high peak intensities and very short pulse durations. The techniques used
are Ti:Sapphire chirped pulse amplifier (CPA), optical parametric amplifier (OPA), and optical
parametric chirped-pulse amplifier (OPCPA). I also presented that the idler wave generated from
the OPA is CEP self-stabilized, which is very important for the single attosecond pulse generation.
In the end of this chapter, I exhibited the HHG setup, and the pressure arrangement.
Chapter 5
Experimental results and discussion
Using the extreme nonlinear-optical process of high harmonic generation (HHG), light from an
ultrafast laser can be coherently and e ciently upshifted to generate fully spatially and temporally
coherent beams in the extreme ultraviolet region of the spectrum, with femtosecond-to-attosecond
pulse durations. However, using a 0.8 µm laser to drive the process limits the bright harmonic
emission to photon energies < 150 eV due to limitations in the phase matching as discussed in
Chapter 1. Overcoming this phase-matching limit is thus a challenge in nonlinear optics which has
motivated a variety of schemes such as quasi-phase-matching (QPM) [71, 72, 120] and nonadabatic
and short pulse phase matching [39, 100]. However, using a driving wavelength of 0.8 µm none of
these schemes has succeeded in generating bright harmonics over the extended absorption-limited
length necessary to maximize e ciency in the high photon energy region.
In 2001, Shan et al. first systematically compared harmonics driven by di↵erent fundamental
wavelengths. They found longer wavelength driving lasers (> 0.8 µm) did extend the harmonic
cuto↵ to high photon energies [103]. The harmonic extension was explained by the single atom
cuto↵ rule, h⌫max ⇡ IL 2L. In 2008, Takahashi et al. demonstrated the first X-ray beam in
the water window generated with HHG driven by a 1.6 µm laser [109]. The water window, in
the spectral range between the K-absorption edges of carbon (284 eV) and oxygen (543 eV), is
attractive for high-contrast biological imaging. This spectral range has been one of the most
important goals for table-top coherent x-ray sources. One year later Xiong et al. repeated the
same experiment, and showed a higher flux soft x-ray beam using a higher repetition-rate laser
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[116]. These results show that using a longer driving wavelength results in the generation of
shorter wavelength harmonics. However in the microscopic single-atom picture, the theoretical and
experimental scaling for single atom emission goes as ⇡   6.5L , so the harmonic brightness decreases
with an increasing wavelength [97, 110, 37, 104]. These findings show that driving the HHG
process with long wavelengths is very unfavorable to the brightness of the generated harmonics.
Furthermore the macroscopic picture, details regarding what are the phase-matching mechanisms,
what the optimal phase-matching conditions for the these mechanisms, and what are the photon-
energy extension limitations are just now being understood.
This was the perspective until 2009 when Popmintchev et al. developed a unified picture of a
longer-wavelength phase-matching model. He predicted that by using longer-wavelength the region
in which harmonic can be phase matched can not only be extended to the water window region,
which previously had been experimentally demonstrated, but could also be extended >10 keV [90].
This model predicts that the rapidly decreasing microscopic single-atom yield for harmonics driven
by longer-wavelength lasers can be compensated macroscopically by an increased optimal pressure
for phase matching and by a rapidly decreasing reabsorption of the generated X-rays. Based on
this prediction, the first high-flux harmonics spanning the water window using a 2 µm driving laser
were demonstrated in 2010 by Chen and Arpin et al. [19] and the first bright keV harmonics using a
3.9µm laser were demonstrated in 2012 by Popmintchev and Chen et al. [92]. The high flux allowed
for the first time the demonstration of an application experiment in the keV spectral range using
a high harmonic source, a Young’ double slit spatial coherence measurement. These experimental
breakthroughs contained two important technique elements. The first was the optimal backing
pressure must be increased as high as a few atmospheres to realize true phase matching. The
second was a hollow waveguide geometry that can not only contain a high pressure, but also extend
the laser-gas interaction length to maximize e ciency. Both help to extend the phase matching of
harmonics to higher energy regions using longer wavelengths.
In this chapter I will show the experimental HHG results using 0.4 µm, 0.8 µm, 1.3 µm, 2.0
µm, and 3.9 µm driving lasers. In addition, I will compare the observed phase-matching cuto↵s
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(PMCs), the optimal phase-matching pressures, and the harmonic bandwidths. Then I will finish
by discussing several limitation of HHG using long driving wavelengths.
5.1 HHG from di↵erent driving wavelengths
High harmonics were generated in He, Ne and Ar by focusing di↵erent wavelength pulses
into a gas-filled hollow waveguide. Depending on the driving laser wavelength and the absorption
lengths of target gases, the length and innder diameter of the waveguide use in the data presented
here vary in a range from 0.5 mm to 100 mm, and from 125 µm to 400 µm, respectively. The
inner diameter of the waveguide, a, is selected for the best coupling e ciency into the lowest EH11
mode (!( L)a
⇠= 0.64, where !( L) is the focus spot size of 1/e2 for the driving laser at the central
wavelength of  L). In order to launch a single waveguide mode with a unique phase velocity in the
waveguide, great attention was paid to mode matching of the driving laser beam. The waveguide
length is chosen depending on the laser intensity, Rayleigh length, and absorption length of the
target gas. Typically for the optimal waveguide length and inner diameter, the energy throughput
of the waveguide was > 60% under vacuum.
The gas was continuously flowed through two laser-drilled holes which defined a central
section in the waveguide. A pressure of up to 80 atm could be maintained in the waveguide.
Because of the multi-atmosphere pressures required for full phase matching of the high harmonic
generation process using mid-IR driving wavelengths, a three-section di↵erential pumping stage was
crucial to reduce pressure as discussed in chapter 4. After the di↵erential pumping, the pressure
in the experimental chamber was kept at < 10 4 torr, eliminating reabsorption of the generated
high harmonics by residual gas. The HHG spectrum was then detected using a flat-field, imaging
x-ray spectrometer and an x-ray CCD camera. Various metal filters were used to eliminate the
fundamental laser light, and calibrate the spectrum. All pressure-tuned spectra driven by these
wavelengths are collected in Appendix A. Table 5.1 summaries the phase matching cuto↵s (PMCs),
the peak of each spectrum, the supported FWHM bandwidths, and the optimal phase matching
pressure. There are a number of interesting conclusions which can be obtained from inspecting
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Table 5.1 that will be discussed in the following sections.
Table 5.1: Phase Matching HHG Results in Ar, Ne, and He vs. Driving Laser Wavelengths
 L 0.4 µm 0.8 µm 1.3 µm 2 µm 3.9 µm
Ar
PMC 40 eV 55 eV 100 eV 165 eV 245 eVa
Peak 35 eV 45 eV 85 eV 145 eV 245 eVa
Bandwidth 5 eV 10 eV 30 eV 40 eVb 50 eVa
Pressure 15 torr 70 torr 140 torr 1 atm 3 and 25 atmc
Ne
PMC 56 eV 105 eV 200 eV 400 eV 867 eVd
Peak 46 eV 93 eV 140 eV 360 eV 780 eV
Bandwidth 10 eV 20 eV 40 eV 50 eV 230 eVd
Pressure 60 torr 50 torr 750 torr 3.5 atm 13 atm
He
PMC 67 eV 140 eV 330 eV 520 eV 1600 eV
Peak 56 eV 95 eV 250 eV 470 eV 800 eV
Bandwidth 20 eV 35 eV 60 eV 200 eV 700 eV
Pressure 330 torr 550 torr 3 atm 11 atm 42 atm
a limited by Ar L-absorption edge of 245 eV
b limited by the transmission of Ag filters
c corresponded to two individual phase matching peaks
d limited by Ne K-absorption edge of 867 eV
5.1.1 Phase Matching Cuto↵
The first conclusion which can be obtained is that the PMCs and phase matching peaks scale
upward with the driving laser wavelength as expected by the theoretical prediction (Figure 5.1).
An analytical solution is discussed in Ref.[3, 92]. Second, both theoretical and experimental results
show that the scaling of the PMC of HHG is given by approximately  1.6 1.7L from a numerical
fitting. Their agreement shows that the dispersion mechanism is the dominant determining factor
for phase-matching. The scaling factor of 1.6-1.7 is slightly less than the single atom cuto↵ scaling
( 2L). This is because the critical ionization decreases at longer wavelengths, and for a fixed number
of cycles, the pulse duration increases with wavelength. Lastly, comparing these three gases, helium
gives the highest photon energy harmonics for all driving wavelengths because of its high ionization
potential, while argon has the lowest.
One interesting thing we found in this research is that the inner shell absorption edges cut the
generated spectrum. When HHG in argon and neon was driven by a 3.9 µm laser, the harmonic peak
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and bandwidth were both limited by the spectrum being cut by their absorption edges. However,
this e↵ect is not present for helium , since there is no absorption edge higher than 24.5 eV. In fact,
helium becomes very transparent in the keV spectral region (refer to absorption curve in Chapter
3). The helium’s PMC has been experimentally observed to extend to 1.6 keV as predicted by the
unified model [92].
100
0
200
400
600
800
1000
1200
1400
1600
1800
2000
Gases
TransmissionsDriving Laser Wavelength λ  (μm)L
Ph
ot
on
 E
ne
rg
y 
(e
V)
Expt. Full Phase Matching Cutoff
 Pressure-tuned Phase Matching Region
He
Ne
Ar
∝λ1.6-1.7L
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Figure 5.1: Solid color lines show the predicted HHG full PMC energies as a function of the driving
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of  1.6L – 
1.7
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collected in Appendix A.
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5.1.2 Harmonic Bandwidth
The second trend that can be seen in Table 5.1 is that using longer wavelength lasers to drive
the HHG process also leads to broadening of the harmonic bandwidths. This can be contributed
to the fact that longer wavelengths extends the PMC by  1.6L – 
1.7
L . In general, the blue side of
the spectrum is limited by the PMC and gas inner-shell absorption as mentioned in the previous
section, while the red side of the spectrum is limited by the gas-filter absorption.
As a result of the coherent broadening in the bandwidth, HHGs driven by longer wavelength
lasers can support extremely short pulse duration, even down to the zeptosecond regime. The pulse
duration limit can be estimated by an approximate rule of thumb :
⌧FWHMx ray [as] ⇠
1.8
4Ex ray[keV ] , (5.1)
where ⌧FWHMx ray represents the transform-limited x-ray pulse duration assuming a flat phase, and
4Ex ray is the FWHM bandwidth of the harmonic spectrum. Figure 5.2 shows the bandwidths
and corresponding transform-limited pulse durations. Currently, the shortest measured single pulses
are ⇠ 80 as in the EUV spectral region [45]. They are driven by few cycle fs pulses at a central
wavelength of 0.8 µm, and the pulse duration is currently limited by the harmonic bandwidth.
However, making these pulses even shorter would benefit a number of di↵erent scientific fields.
This research clearly shows that long wavelength lasers dramatically increase the HHG band-
widths. The supercontinuum harmonic spectrum generated by 2 µm pulses can support pulse
durations down to ⇡ 10 as [19], and the spectrum generated by 4 µm pulses can support pulses
down to 2.5 as [92]. This Figure also points out a clear route to generate zeptosecond (zs) pulses.
We expect that using a ⇡ 6 µm laser the harmonics generated in helium would have more than
2 keV bandwidth, which could support a pulse duration down to a few hundred zeptoseconds. A
pulse with a duration on this scale is shorter than the atomic unit of time, 24 as, and would provide
enough temporal resolution to capture electron dynamics. For instance, the electron takes about
180 as to circulate the hydrogen atom once.
However, the generated x-ray pulses are chirped due primarily to an e↵ect – attochirp –
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described in Chapter 2 [75, 112, 111]. Typically, pulses are positively chirped (the red part of
spectrum is leading) since the harmonics from the short trajectories as typically used, which have
a better beam profile when phase matched. Even though it has been shown that the attochirp
is reduced by longer driving lasers (1/ L) [37], the broad bandwidth scaled by  2L still makes the
pulse duration long.
According to the work of LHuillier et al. and Nam et al. [69, 57], we may be able to com-
pensate attochirp with metal filters or transparent gases since most materials in the x-ray provide
negative dispersion. In principle, attochirp also can be compensated by a grating compressor.
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Figure 5.2: (a)HHG spectra emitted from He under full phase matching conditions as a function
of driving laser wavelength. (b)Supported HHG bandwidths with di↵erent driving wavelengths,
together with their transform-limited pulse durations. Figure is adapted from [92]
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5.1.3 Optimal Phase-Matching Pressure
The final parameter to consider from Table 5.1 is the phase matching pressure. Because
gases become less dispersive at longer wavelengths, higher pressure is required to compensate the
dispersion from free electrons. This is especially true for the lighter gases. For harmonics driven by
3.9 µm lasers the measured optimal pressure in helium is as high as ⇠ 40 atm. This is in contrast
to an optimal pressure of around 0.5 atm for a 0.8 µm laser (Figure 5.3). The experimental results
show the optimal pressure for phase matching is scaled by  2L, which matches the unified model.
Figure 5.4 shows the experimental emission spectra as a function of pressure using 3.9 µm
lasers in helium. Almost no harmonic signal can be seen for pressures less than 5 atm due to a low
single-atom yield, and less emitters contributing to harmonic emissions. From the pressure scan, we
found the HHG signal in helium grows quadratically as a function of gas pressure. The quadratic
growth clearly indicates the true phase-matching. By increasing the pressure, we can maximize
harmonic brightness until reaching the absorption limit. At 40 atm, the absorption length in
helium at the 1 keV is close to 2 cm which is comparable to the medium length (the waveguide
length of the central constant-pressure section is 2.5 cm with 0.5 cm of di↵erential pumping section
in both ends). In addition, there is some extra propagation distance before the x-ray pulse enters
the di↵erential pumping. Gas reabsorption limits the keV harmonic flux. Another reason for the
flux limitation is the waveguide coupling loss, which is caused by plasma-induced laser defocusing
at the entrance of the waveguide. It has been experimentally observed for coupling a high power
laser to a high-pressure waveguide. A sophisticated beam propagation simulation also shows this
e↵ect [92].
An additional interesting observation is that there are two phase-matching peaks in argon.
One is at a pressure of 3 atm, and the other is at 26 atm. The 3 atm peak occurs at the expected
phase-matching pressure. The 26 atm peak is the brighter and it is likely due to pressure-induced
beam self-confinement, which is discussed in section 5.2.
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5.1.4 Harmonic Flux – Long Driving Wavelengths
For real applications, HHG flux becomes a key issue. It is worthwhile to comparing HHG
flux from di↵erent driving wavelengths. Figure 5.5 shows a direct comparison of phase matched
emission spectra from helium driven by di↵erent wavelengths. These spectra, directly taken from
the CCD camera, are normalized by the exposure times and laser repetition rates. However, we
were not able to absolutely calibrate the true flux due to the lack of exact e ciencies of the soft
X-ray gratings, metal filters, x-ray spectrometer, and the CCD camera. Moreover, these spectra
are generated in di↵erent experimental conditions. Several parameters, such as the laser pulse
durations, laser beam qualities, focal spot sizes and waveguide lengths, di↵ered from experiment to
experiment. However, these spectra are reproducible on a daily basis and optimized for the driving
lasers we currently have.
By directly comparing the counts from the same CCD camera, it is clear that HHG signals
from 1.3 µm, 2 µm, and 4 µm driving wavelengths are similar. The harmonic energy per shot is
10   100 times lower than what is generated with a 0.8 µm driving laser. An absolute HHG flux
using 0.8 µm kHz lasers was characterized with a NIST-calibrated vacuum photodiode ( Al2O3 serial
no. 397) [73]. The measured up-conversion e ciency from 0.8 µm light to each EUV harmonics is
⇠ 10 6 per harmonic. According to the comparison shown in Figure 5.5, the 1.3 µm, 2 µm, and 4
µm driving lasers have an approximate up-conversion e ciency of 10 7  10 8 to harmonics in 1%
bandwidth in the keV spectral region.
In terms of photon number, using a 2 µm laser we estimated a brightness of ⇡ 105 photons
per shot in a 1% bandwidth around 0.45 keV in helium. The generated brightness is ⇡10 times
brighter than that produced from the femtoslice sources from synchrotron. A similar brightness
was obtained in the keV spectral region generated by a 3.9 µm driving laser. This harmonic photon
flux is ⇠ 103 higher than previously demonstrated using a short-pulse HHG scheme[100, 101]. That
approach implemented very short pulses from Ti:sapphire laser (0.8 µm, 5 fs) to extend the single-
atom harmonic cuto↵ in a low pressure gas (< 100 Torr). An increase in the pressure resulted in
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a cuto↵ at lower energies and a reduction of the photon number. The observed behavior indicated
their keV harmonics were not phase-matched.
This work demonstrated that fully phase-matching of the harmonic process using long wave-
length lasers in a higher pressure gas medium can compensate the low single-atom yield and generate
bright harmonics in the high-photon energy region.
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He driven by di↵erent wavelegnth driving lasers.
5.1.5 Harmonic Flux – Short Driving Wavelengths
One final interesting note about HHG from di↵erent driving wavelengths is that a shorter
driving wavelength produces a higher high harmonic conversion e ciency. Figure 5.6 shows a flux
comparison of HHG driven by two di↵erent wavelengths of 0.4 µm and 0.8 µm. The harmonic
photon flux in helium driven by 0.4 µm pulses is ⇠ 10 times brighter than that driven by 0.8 µm
pulses. This also confirmed with a flux measurement by a vacuum photodiode. It is clear that
0.4 µm pulses improve the HHG e ciency one order magnitude higher than what 0.8 µm pulses
have and brought it as high as 10 4   10 5. That can be explained by three arguments. First, the
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harmonic order needed to produce to a specific photon energy is lower for shorter laser wavelength.
For example, generating harmonics at 30 eV requires ⇠ 19th photon absorption of 0.8 µm, while
this is ⇠ 9th photon absorption of 0.4 µm laser. Second, HHG driven by short wavelengths has
a higher single-atom e ciency which is scaled by   5.5 to   6.5. This is understood because a
short wavelength has a shorter laser period, so the electron wave packet, which is responsible for
harmonic generation, spreads out less when recolliding with its parent ion, resulting in a higher
recombination probability [62]. The former two reasons are from the perspective of the microscopic
single-atom e↵ect. The third reason is from the macroscopic phase-matching e↵ect. Because the
propagation of a shorter wavelength driving laser is less a↵ected by the dispersion of ionized free
electrons, the critical ionization level can be higher (Figure 3.6). Harmonics can be phase matched
in a more highly ionized medium which allows a higher laser peak intensity and higher ionization
rate. These three reasons lead to higher HHG flux from shorter driving wavelengths.
There are two consequences of short wavelength driven harmonics to be addressed. First, the
pressure-tuned PMC using a 0.4 µm laser is limited to the  70 eV. Figure 5.1 shows that the PMC
decreases for a short wavelength driving laser. For an 0.4 µm laser, the observed PMC is ⇠ 65eV
(Figure 5.6). Second, harmonic flux is limited by gas-reabsorption. Because the target gases are
strongly absorbing in the VUV-EUV spectral region, harmonic absorption-lengths become very
short. For example, the absorption length of helium decreases from ⇠ 850 µm to ⇠ 70 µm when
the photon energy shifts from 100 eV to 30 eV with pressure at one atmosphere.
To overcome these limitations, there are several possible solutions. The PMC limitation
can be solved with QPM techniques which can correct the phase mismatch [41, 120]. The gas
reabsorption limitation can be eliminated by using a di↵erent HHG geometry. One method is to
shorten the gas container by using a gas jet or a gas cell to reduce gas reabsorption. Another
method is to expand the HHG area by using a bigger focal spot size, which allows more atoms to
contribute to harmonic emission [107, 108].
It is worth noting that due to their absorption edges, gases have rapid changes of refractive
index in the VUV-EUV spectral region. The phase jump before and after absorption edges may
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influence the pressure-tuned phase matching, which relies on the dispersion balance mechanism.
From experimental results, this e↵ect does not influence the HHG signal at the driving wavelength
of 0.4 µm. It is likely that once the helium is ionized, it will not absorb very much; the resonant
energy level seems to not exist.
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5.2 Laser beam self-confinement in high pressures
In addition to the fact that the multi-atmosphere gas pressures are required for phase-
matched x-ray generation using a longer wavelength, we found such high pressures also led to
a self-confinement at the fundamental beam. For Ar driven by a 3.9 µm laser, we predict a phase-
matching pressure of 3 atm, and indeed observe a peak in X-ray emission near that pressure.
However as the pressure is further increased, the X-ray yield first decreases and then increases
quadratically, exhibiting a large enhancement at a pressure of 26 atm (Figure 5.7). The measured
X-ray beam profile also decreases as the gas pressure increases. A flux enhancement of ⇡ 10 times
is observed when integrated over all soft X-ray harmonics. This e↵ect is likely caused by the non-
linear optical process of self-focusing which plays an important role at high pressures. In order to
understand this. We look at the critical power for self-focusing, Pcr, which is given by
Pcr = ↵(
 2L
4⇡n0n2
), (5.2)
where  L is the driving laser wavelength of the fundamental light, n0 is is the linear refractive
index, n2 is the nonlinear refractive index and ↵ is a constant that is independent of the material
parameters [33, 13]. For a gaussian beam, ↵ is 1.8962. It is clear that the critical power scales with
 2L, since focal spot size becomes bigger for a long wavelength and the focal intensity dilutes by  
 2
L .
Therefore, a longer wavelength laser needs more laser intensity to produce self-focusing. Moreover,
the critical power also depends on pressure. It decreases as pressure increases since the nonlinear
refractive index n2 is linearly proportioned to pressure, while n0 is always ⇡ 1. Self-focusing is an
important e↵ect at high pressures.
Table 5.2: Nonlinear refractive indices n2 for Xe, Ar, Ne, He, N2,and Air
Xe Ar Ne He N2 Air Ref.
n2
963 2.9 0.06 0.02 7.5 5.57 [81]
0.036 [13]
[⇥10 19cm2/W] 2.01 2.2 2.4 [70]
(1 atm) 84.3 19.4 1.8 6.7 5.7 [15]
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Figure 5.7: (a) Measured HHG spectrum in Ar as a function of pressure, together with gas-filter
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(a)
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(b)
Figure 5.8: Calculated on-axis peak intensity (a) and on-axis peak plasma density (b) varies with
propagation distance at di↵erent He gas pressures. (c) Examples of spatio-temporal beam profiles
at two di↵erent locations for high (40 atm) and low (5 atm) pressures inside the capillary. In this
simulation the capillary input is located at z = 0. Spatio-temporal confinement is evident after the
laser propagates 1.75 cm at high pressures (40 atm) inside the waveguide. Figure is adapted from
[92]
114
Table 5.2 lists some nonlinear refractive indices for HHG gases. For argon at 25 atm, n0 ⇡ 1,
n2 ⇡ 2.9 ⇥ 10 19 cm2/W for   = 3.9µm, and the critical power is Pcr ⇡ 3GW , corresponding to
an energy of about 0.25 mJ for a pulse duration of 80 fs. The energy we used for this experiment
was 8 mJ. Even though there are ⇠ 30   40% losses from the waveguide coupling, the reminding
energy of ⇠5 mJ inside waveguide is still much higher than the critical power. High pressures likely
induce a strong laser self-focusing in the leading part of pulses where the ionization level is low
and less defocusing is caused by the plasma. In addition, at higher pressures there are more atoms
contributing to the HHG emission.
For full phase-matching HHG in helium using a 3.9 µm laser, the observed optimal pressure
is as high as 40 atm. Under this condition, the estimated critical power for self-focusing is ⇠ 10
mJ, which is very close to what we used. Our collaborator, Shim et al., performed 3-D beam prop-
agation simulations, taking into account the helium dispersion, Kerr-nonlinearity, tunnel ionization
absorption, plasma defocusing and collisional absorption in the waveguide [92]. Their simulation
showed that at a high pressure beam confinement is observed in helium due to the Kerr e↵ect.
These findings closely match the experiment very well (Figure 5.8).
5.3 HHG in the Water Window from Nitrogen
All we discussed so far was HHG from atoms, but harmonics can also be generated from
molecules. One of the major di↵erences between HHG from atoms and molecules is that the former
has a point-symmetry geometry, while the latter has more complicated orbital shapes. The HHG
spectrum from molecules highly depends on their alignment since molecules have angle-dependent
cross-sections for recombination with the returning electron [26, 82]. As we know, the last step of the
three-step model is the recombination process. The return electron wave packet could recollide with
its parent; the probability for which depends its parent orbital structures. The emitted harmonic
radiation contains a wealth of information about the structure of its generating medium. In 2004,
Itatani et. al. first accomplished a tomographic reconstruction of the highest occupied molecular
orbital of nitrogen using HHG from 0.8 µm pulses[51]. Seven years latter, Vozzi et. al. pointed out
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that HHG with a longer driving wavelengths can produce more accurate molecular structure, since
it extends the harmonic spectrum further with lower ionization rates. Also, less distortion of the
molecules structure is induced by the driving laser field [114]. In addition, the returning electron
wave packet is more similar to a plane-wave with high kinetic energy that can penetrate deeper
into molecules, leading to high resolution of imaging of molecules.
In our work, a 3.9 µm driving laser extended the bright HHG from molecules into the soft
x-ray regime. Figure 5.9 shows the pressure-tuned spectrum in nitrogen. There are two observed
phase-matching peaks which is similar to what is observed in argon. This is not surprising, since
these two gases have a very similar ionization potential and optical refractive index. We expect
that the 5 atm peak corresponds to pressure-tuned phase-matching and the 20 atm peak comes
from beam self-confinement induced phase-matching. At low pressures, the harmonics extend into
the water window region, but are cut by the K-absorption edge at 410 eV. Still, the highest-energy
electron has a DeBroglie wavelength of ⇠0.6 A˚ which is 2   3 times shorter than what had been
previously possible using 0.8 µm lasers. Furthermore, a broader range of electron wavelengths (⇠0.6
A˚ – 0.9 A˚) generated by the long driving wavelengths allows one to retrieve the spatial shape of
molecules more precisely.
One final note about the HHG from molecules is their polarization. Zhou et al. showed the
possibility of using aligned molecules to generate elliptically polarized EUV light with a linearly
polarized driving laser [121]. HHG from molecules using a long wavelength driving laser has an
excellent potential for producing bright elliptically polarized light in the keV spectral region. The
circular polarized keV beam is an important light source for the studies of magnetic materials.
5.4 Limitations of HHG driven by Long Wavelengths
5.4.1 Incoherent scattering from the neighboring atoms
For HHG from a high pressure medium, the recolliding electrons responsible for HHG may
encounter many other atoms during their free excursion away from their parent ion. The scattering
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from neighboring atoms may cause incoherent emission. Figure 5.10 shows diagrams of the optimal
harmonic phase-matching conditions for long and short driving wavelengths. For the former one,
the phase-matching requires very high pressure and a low ionization level of the gas. This is in
contrast to the optimal phase matching condition for harmonics driven by short wavelength lasers.
For short wavelengths, HHG prefers low pressure of the gas with a high ionization level. Note that
in both conditions the total number of harmonic emitters (gas density ⇥ critical ionization level)
is almost the same, since the optimal pressure scales up by  2L While the critical ionization level
scales down by   2L .
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Figure 5.10: Optimal phase matching conditions for a long wavelength driving laser (a) and for a
short wavelength driving laser (b).
At a higher pressure the average separation between atoms becomes smaller and scales with
P 1/3. When driven by a long wavelengths, the ionized electron has a “long” excursion before
recolliding with its parent since the electron displacement is scaled by  2. These electrons may
encounter their neighboring atoms during their free excursion. This likely is the case for the keV
harmonic generated by the 3.9 µm laser. In helium, the electron wave packets responsible for
the keV harmonic generation travelled ⇠ 50 nm from their parent ion, while the average distance
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between the helium atoms is ⇠1.5 nm at 10 atm pressure. During their free excursion the ionized
electrons may meet an average of other ⇠ 30 atoms and ⇠0.01 ions before recolliding with their
parent ions. Other atoms or ions may perturb electron trajectories or prevent the electron from
returning. Fortunately, the spatial coherence measurement presented in the next section indicates
that rescattering of this large and di↵use recolliding electron wavepacket from other atoms seems
not to adversely influence the coherence of the emission, likely because the medium is weakly
ionized.
For harmonic generation driven by a shorter wavelength (< 0.8 µm), the electron travels
typically ⇠ 0.2   2 nm between ionization and recollision, while the separation between atoms is
⇠ 7 nm at 100 torr pressure, and phase matching occurs at ⇡ 5   10 % ionization levels. Thus,
comparing HHG driven by a longer wavelength driving lasers, the ionized electrons have a much
shorter excursion in the continuum and hardly meet their neighbors. Harmonic emission is from
isolated atoms.
5.4.2 Magnetic field e↵ects in HHG
In Chapter 2, the trajectory caluculation assumes that after the electron is born in the
continuum, it only moves under the influence of electric filed
 !
E . However, for a complete Lorentz
force the magnetic field
 !
B has to be included, especially for a high power or a long wavelength laser.
 !
B can induce extra lateral displacement in the laser-propagation direction. As a result, the electron
may not return to its parent ion as shown in Figure 5.11(a). However, in quantum mechanics, the
electron is not a classical particle; it is a wave packet. It naturally spreads out in the continuum,
which is commonly called quantum di↵usion. So the electron does not have to return exactly back
to the ion parent for the recombination to occur. Nevertheless, the recombination probability drops
significantly once the lateral displacement of the electron is greater than the quantum di↵usion.
The classical equation of electron motion including the magnetic field B is given by
m !a = e[ !E + v ⇥ !B ] (5.3)
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Assuming the pulse is propagating in bz direction, the electrical field E is along the polarization axis
by, and the magnetic field B is along the polarization axis bx. It is found that the electron motion is
two dimensional in the (yz) plane, with
y¨ =
e
m
Ey, z¨ =
e
m
y˙Bx (5.4)
Note that the electron motion along the polarization axis by is una↵ected by the magnetic field. The
electron displacement along the propagation direction bz, originating from the magnetic component
of the laser pulse, is given by
z¨ =
e
m
y˙
Bxz}|{
Ey
c
=
1
c
y¨y˙ (5.5)
z(t) =
1
c
Z t
[y˙(t0)]2dt0 (5.6)
and increases monotonically while the electron oscillates in the by direction. Some Lorentz lateral
displacements for the cuto↵ trajectory influenced by di↵erent wavelength lasers is shown in Figure
5.11(b). The o↵set displacement depends on the laser intensity I, and the laser wavelength   with
a scaling of I 3.
As for the electron quantum di↵usion, as discussed in Chapter 2 and [14], the FWHM of the
return electron can be given by
a(t) = a0
s
1 + (
t
2 20
)2 ,  0 =
a0
2
p
2ln(2)
(5.7)
where a0 is the Bohr radius (0.54 A˚) and  0 is related to the initial FWHM of the electron distri-
bution when the electron is “born”. The width of its wavepacket at di↵erent driving wavelengths
when the electron returns back to parent ion is also shown in Figure 5.11(b). Note that wave packet
width scales linearly with the driving-laser wavelengths, but does not depend on the driving-laser
intensity.
This calculation (Figure 5.11) indicates some critical point for HHG e ciency. For example,
a driving wavelength longer than 13 µm could not e ciently produce harmonics at a peak power
higher than 5⇥ 1014 W/cm2, since the return electron misses its parent ion. For the 3.9 µm HHG
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experiment, according to the energy cuto↵, the measured pulse duration, and focal spot size, we
expect our laser peak intensity to be ⇠ 4 ⇥ 1014 W/cm2. The intensity causes a lateral drift of
⇠ 2nm, while the width of the returning electron wave packet spreads out ⇠ 50 nm. As a result, the
recombination is not significantly a↵ected. However, magnetic field decreases the recombination
probability, especially for long driving wavelengths.
5.4.3 Relativistic e↵ects
For HHG, relativistic e↵ects are expected to be important when the maximum electron return
energy, HHGcuto↵ = 3.17Up, is of the order of its rest mass energy. The ratio q between them is
q(I, ) =
3.17Up
mc2
⇡ HHG Cuto↵ [eV]
0.5⇥ 106[eV] ⇡ 6⇥ 10
 19 I|{z}
[W/cm2]
⇥  |{z}
[µm]
2 (5.8)
The important relativistic e↵ect is the the relativistic mass shift. It has been studied extensively
[115, 52] and found that a relativistic electron propagates in an electromagnetic field like a particle
with the variable ‘dressed’ electron mass m⇤ which can be given by
m⇤ = m
p
1 + 2q(I, ) (5.9)
which increases with the driving laser intensity and wavelength. For example, if we observe HHG
at ⇠ 5 keV, the maximum electron-return energy reached 1% of its rest mass energy. The heavy
‘dressed’ electron mass results in a less electron return energy and a lower harmonic cuto↵. However,
once the observed HHG cuto↵ is less than ⇠ 5 keV, relativistic e↵ects likely could be neglected
(Figure 5.12 ).
5.5 Spatial Coherence Measurement
The characterization of coherence properties of high harmonics is important for their ap-
plication in interferometry and spectroscopy, and also for the generation of attosecond pulses by
superimposing several harmonics. Because a high-intensity long wavelength driving laser is coupled
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Figure 5.12: The curve indicates the laser intensity has driven the return electron to about 1% of
its rest mass energy, where relativistic e↵ects have to be considered.
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into a very high pressure gas medium (tens of atm), several e↵ects might influence the spatial co-
herence of the generated HHG beams, including ionization-induced defocusing, nonlinear guiding
e↵ects, or the fact that the recolliding electrons encounter many other atoms during their free ex-
cursion away from their parent ion. Thus, it is important to characterize the coherence properties
of the keV high harmonic beams.
To demonstrate the fact that the HHG beams generated from longer wavelength driving
lasers are spatially coherent, we implemented Young’s double slit experiment in the water window
and in the keV spectral region.
(1) Harmonic in the water window are generated by a 2 µm laser. A double slit is placed in
the beam ⇠30 cm after the waveguide, followed by an x-ray CCD camera placed ⇠ 1 m
after the double slit. The width of each slit was 10 µm with a center-to-center separation
of 20 µm.
(2) Harmonics in the keV spectral region are generated by a 3.9 µm laser. A double slit is
placed ⇠15 cm after the waveguide and an x-ray CCD ⇠2.7 m after the double slit. The
width of each slit is 5 µm and the center-to-center separation is 10 µm.
Their spectra are shown in Figure 5.13(a), and 5.14(a).
Since we placed the double slits tens of cm away from the exit of the waveguide, it is worth-
while to estimate the coherence factor first. As we know, even if the emission process is totally
incoherent, there will still exist partial coherence in the far-field. An example is given by [47]: an
incoherent source with a Gaussian intensity distribution with a width 4s (FWHM) will emit radi-
ation into the full half-space. At a distance L from the source, the spatial coherence  coh between
two positions separated by a distance D can be estimated by
 coh = exp[ 12(
D
 xc
)2] (5.10)
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 xc =
p
2⇥ ln(2)L⇥  X ray
⇡4s , (5.11)
where  X ray is the wavelength of the x-ray. Following this formula, we can evaluate the zero order
fringe visibilities – assuming our beam is “fully incoherent” – for our experimental parameters.
According to our 0th order beam image from an x-ray spectrometer, we estimate the x-ray source
size 4s from the exit of the waveguide to be ⇠100 µm. The estimated size is based on fit to the
beam image. Based on the experimental parameters mentioned above, we do not expect to see any
fringes from the CCD camera for this a “fully incoherent” light source. However, Figure 5.13(b)
and 5.14(b)(c) shows the measured and the predicted interference patterns for ”fully coherent” light
source. The strong modulations of the measured di↵raction pattern, in addition to the agreement
with the simulation, demonstrate that the beam center is spatially coherent.
The details of these two x-ray double slit experiment are also described in Ref.[3]. This
reference has a very useful and detailed introduction, especially for how to select the right double
slits for this type of x-ray coherence measurement.
125
0.0
0.5
1.0
0.2 0.3 0.4 0.5 0.6
Photon Energy (keV)N
or
m
ali
ze
d 
HH
G 
co
un
ts
Carbon
Al
HeNe
12 atm3.5 atm
2μm HHG
x (mm)
 -1.0 -0.5 0 0.5 1.0
Measured
Li
ne
ou
t
Simulated
0.0
0.5
1.0
Missing orders
Expt. Theory
(a)
(b)
Figure 5.13: (a) Flux comparison between the ultrabroad bandwidth, phase-matched, HHG from
He and Ne driven by 2 µm lasers, together with the gas-filter transmission curves. The dip in the
spectrum around 284 eV is due to carbon contamination on the spectrometer optics. (b) Measured
and calculated doulbe-slit interference pattern using HHG from Ne at 0.33 keV and a comparison
between the measured (red) and simulated di↵raction pattern lineout (black). Figure is adopted
from [19].
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Figure 5.14: (a) Measured spectra of the phase matched HHG emission in keV region from Ne
(green) and Hi (red) using a 3.9 µm driving laser. The dashed line shows the gas transmission.
The inset shows the HHG beam profile. (b) Measured double-slit di↵raction pattern using HHG
from Ne at 0.53 keV and He at 0.77 keV. A comparison between the measured (gray area) and
simulated (black line: fully coherent, green line dash: fully incoherent) di↵raction patterns are also
shown for the spectra shown in (a). The broad bandwidth of illumination and very low divergence
of the HHG beams limits the number of fringes observed. Figure is adopted from [92].
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5.6 Summary
In this chapter, I presented measurement results of HHG light source using di↵erent driving
wavelengths of 0.4 µm, 0.8 µm, 1.3 µm, 2 µm, and 3.9 µm. I showed that with the right combination
of laser wavelengths, and gas pressures. HHG spectra are tunable and ranging from 10 eV to 1.5keV
spectral regions. Long wavelength lasers have much higher pondermotive energies that HHG can
likely be extended to shorter wavelengths and broader bandwidths, so that zeptosecond time scales
(1 zs = 10 21 s) may soon be accessible.
I also discussed the e↵ects of a pressure-dependent contribution to HHG, which enables
a simple pressure tuning to achieve high conversion e ciency for HHG driven by all di↵erent
wavelength lasers. For a long wavelength laser, the multi-atmosmphere pressures are necessary for
e cient x-ray generation and also support laser beam self-confinement, which enhance the x-ray
yield by orders of magnitude.
Moreover, I also showed that HHG driven by short wavelength lasers is extremely bright,
because the single-atom emission is very strong that can enhance the EUV harmonic yield by
orders of magnitude. I also discussed some limitations of HHG using long and short wavelength
lasers, and the water window x-ray sources from molecules. Finally, I showed the first experimental
demonstration of the high spatial coherence of the keV HHG source.
Chapter 6
Conclusions
In this thesis, I report a systematical study of HHG with di↵erent driving wavelengths. I
discussed the harmonic behaviors, including the single-atom responses, and also the macroscopic
phase matching e↵ect.
• We validate that the dispersion-balance mechanism is overwhelmingly the dominant factor
for bright phase-matched harmonics ranging from the VUV to the X-ray with driving
wavelengths ranging from the VUV to the MIR spectral region.
• A long-wavelength driving laser can scale up the single-atom cuto↵ by  2, and the phase-
matching cuto↵ by  1.6 –  1.7.
• Using longer wavelength lasers to drive the HHG process also leads to broadening of the
harmonic bandwidths. The supercontinuum harmonic spectrum generated by 2 µm pulses
can support pulse durations down to ⇡ 10 as, and the spectrum generated by 4 µm pulses
can support pulses down to ⇡ 2.5 as. We point out a clear route, using a long-wavelength
driving laser for HHG, to generate zeptosecond pulses.
• By use of a long-wavelength driving laser, the single-atom harmonic emission will be very
weak (  5.5 –   6.5); however an increased optimal pressure for phase matching and a
rapidly decreasing reabsorption of the generated X-rays can compensate the rapidly de-
creasing microscopic single-atom yield. Using a 2 um laser, we observed an approximate
brightness of 105 photons per shot in a 1% bandwidth around 0.45 keV in helium. A
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similar brightness was obtained in the keV spectral region generated by a 3.9 µm driving
laser. This harmonic photon flux is ⇠ 103 higher than previously demonstrated using a
short-pulse HHG scheme.
• Using the 2 µm and 3.9 µm driven high harmonic source, we implemented spatial coherence
measurements in the X-ray region for the first time using any compact light source.
• By use of a short-wavelength driving laser, the single-atom harmonic emission will be
brighter. The harmonic photon flux in helium driven by 0.4 µm pulses is ⇠ 10 times
brighter than that driven by 0.8 µm pulses in the ⇡ 50 eV spectral region.
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Appendix A
Pressure-dependent HHG spectra using di↵erent driving wavelengths
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Appendix B
The Reflection at Grazing Incidence
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